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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 

Exchanging  of  scientific  and  technical  information; 

-  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture; 

Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

Providing  scientific  and  technical  advice  arid  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 
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Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  AGARD  work  arc  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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EDITOR’S  FOREWORD 


The  Avionics  Panel  of  AGARl)  has  held  two  previous  symposia  on  the  subject  of  radio  antennas:  “Signal 
Processing  Array”  and  “Radio  Antennas  for  Aircraft  and  Aerospace  Vehicles”.  These  each  led  to  a  printed  volume 
of  Conference  Proceedings.* 

During  the  last  few  years  there  have  been  many  developments  in  avionics  and  it  has  become  increasingly 
apparent  that  in  many  cases  the  deciding  factor  determining  whether  or  not  a  proposed  radio  system  is  feasible  is  the 
realisability  of  the  antennas  required.  For  this  reason  it  is  necessary  that  avionics  engineers  should  look  carefully 
at  the  latest  developments  in  antenna  science. 

With  this  in  mind  the  Avionics  Panel  held  a  Symposium  on  the  subject  of  “Antennas  for  Avionics”  in  Munich 
from  26  to  30  November  1973.  The  present  volume  includes  the  full  texts  of  the  papers  presented  in  shortened 
versions  at  this  meeting  together  with  a  record  of  the  subsequent  discussions. 

In  reading  this  volume  of  Proceedings  the  avionics  engineer  will  be  able  to  welcome  many  old  friends  such  as 
the  subject  of  HF  antennas  for  aircraft.  Three  papers  (7,  8  and  33)  bear  on  this  subject  and  I  expect  that  after  a 
further  decade  of  research  the  problems  of  HF  antennas  in  aircraft  will  still  be  unresolved.  In  fact  it  will  be 
surprising  if  the  problems  have  not  worsened  because  of  the  growing  importance  for  military  purposes  of  small 
helicopters  in  which  more  and  more  metal  is  replaced  by  plastic  and  more  and  more  antennas  are  fitted.  For  such 
vehicles  it  is  becoming  increasingly  difficult  to  install  wire  antennas  of  sufficient  length  and  to  find  sufficient  metal 
structure  to  excite.  Probably  the  biggest  step  forward  in  the  design  of  HF  aerials  would  follow  the  development  of 
a  process  whereby  corrosion  could  be  prevented  without  impairing  the  radio-frequency  conductivity  between 
adjacent  sheets  of  the  fuselage  thus  making  the  best  use  of  the  metal  available  as  a  counterpoise. 

One  of  the  new  aspects  of  the  study  of  avionics  antennas  is  their  application  to  the  \erosat  systems,  either  on 
the  aircraft,  on  the  satellite  or  on  the  ground.  The  four  papers  (18,  19,  20  and  21)  on  the  subject  of  antennas 
for  aircraft  installation  in  Aerosat  systems  reflect  the  difference  in  the  designs  of  military  and  civil  projects  forced 
upon  the  engineers  by  the  present  frequency  allocations.  There  is  no  doubt  that  the  choice  of  the  L-band  frequency 
of  1600  MHz  for  the  Civil  Aerosat  system  does  not  suit  the  convenience  of  the  antenna  engineers  concerned  but 
results  from  the  present  allocation  of  frequencies. 

Two  other  papers  (22  and  43)  are  concerned  with  the  design  of  the  antennas  to  be  carried  on  the  satellite 
of  the  system.  The  first  describes  a  planar  array  which  gives  a  circularly  polarised  beam  by  the  interaction  of 
longitudinal  and  transverse  slots  cut  in  the  broad  face  of  a  high  order  mode  waveguide.  The  second  discusses  a 
stepped  reflector  antenna  for  the  generation  of  a  beam  which  is  a  good  approximation  to  a  sector  in  shape  with 
low  side  lobes.  This  antenna  was  not  designed  primarily  for  Aerosat  systems,  but  may  well  have  applications  in  this 
field  if  the  links  from  satellite  to  fixed  ground  station  are  moved  into  the  higher  microwave  bands. 

The  large  dish  antennas  used  for  the  ground  to  satellite  link  have  much  in  common  with  those  used  for  deep 
space  communications.  Three  papers  (29,  30  and  31 )  refer  to  such  large  dish  antennas.  Two  of  these  have 
Cassegrain  feeds  while  one  is  Gregorian.  Among  the  factors  discussed  are  dichroic  sub-reflectors,  toroidal  aperture 
distribution  and  the  design  of  dual  mode  horns. 

In  parallel  with  the  development  of  large  dish  antennas  has  gone  the  study  of  array  technology.  Two  papers 
(1 1  and  34)  discuss  methods  of  thinning  arrays  in  order  to  minimise  the  cost  for  a  given  performance.  This  process 
cf  thinning  not  only  diminishes  the  cost  by  reducing  the  numbers  of  array  elements,  but  also  by  simplifying  the 
feeder  system  which  may  contain  costly  phase  changers  and  circulators.  This  is  a  most  important  line  of  develop¬ 
ment  because  the  biggest  problem  facing  the  would  be  designer  of  a  large  phased  array  is  finding  someone  to  pay 
for  it. 

Another  paper  (32)  discusses  the  optimisation  of  the  design  of  antennas  used  for  Precision  Approach  Radars. 
In  these  applications  the  required  scan  coverage  is  very  limited  and  advantage  of  this  fact  can  be  taken  in  the  design 
procedure  so  that  the  number  of  feed  elements  and  the  complexity  of  the  feeder  system  can  be  minimised.  Several 
classes  of  such  antennas  are  described  and  compared  in  terms  of  the  element  use  factor. 

The  design  of  antennas  for  Airborne  h'arly  Warning  radars  is  discussed  in  Paper  1  2.  This  subject  is  an 
interesting  example  of  the  manner  in  which  the  choice  of  optimum  frequency  for  an  avionic  system  is  often 
dominated  by  considerations  of  antenna  performance. 

Hie  number  of  antennas  on  aircraft  seems  to  be  ever  increasing.  Over  the  last  few  years  there  have  been 
attempts  made  to  make  combined  antennas  which  can  be  used  simultaneously  by  more  than  one  system  at  a  time. 

A  number  of  these  are  commercially  available  but  they  have  not  at  present  made  much  impact  on  the  problem. 

*  “Signal  Processing  Arrays"  and  “Radio  Antennas  for  Aircraft  and  Aerospace  Vehicles”.  Both  edited  by  W.T.BIackband  and 
published  by  Technivision,  Maidenhead,  lingland. 
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There  are  of  course  difficulties  in  the  use  of  combined  antennas,  these  are  chiefly: 

(a)  the  mutual  inlereference  between  the  systems, 

(b)  differences  in  coverage  which  demand  differing  sites  on  the  aircraft. 

Where  the  required  coverages  of  two  antennas  are  markedly  different  there  is  little  that  the  antenna  engineer 
can  do,  for  instance  it  would  not  be  possible  to  choose  a  site  suitable  both  for  a  radio-altimeter  antenna  looking 
towards  the  ground  and  an  Aerosat  antenna  looking  towards  the  sky.  However  the  effects  of  mutual  interference 
can  be  minimised  by  careful  antenna  design.  Here  one  has  to  distinguish  between  interference  on  the  fundamental 
frequencies  and  those  on  difference  frequencies  of  various  orders.  Interference  on  the  fundamental  frequencies 
must  be  reduced  by  careful  antenna  feed  design  whereby  the  signals  at  two  fundamental  frequencies  are  fed  to 
separate  parts  with  minimum  mutual  coupling  between  them.  This  can  be  helped  in  some  eases  by  feeding  one 
signal  at  a  minimum  in  the  standing  wave  pattern  of  the  other,  or  by  simple  high  pass  or  low  pass  filters  built  into 
the  antenna  structure.  In  many  cases  this  filtering  will  need  to  be  supplemented  by  additional  filters.  When  this 
is  the  case  these  should  be  sited  as  close  to  the  antenna  as  possible  so  that  the  unwanted  signals  do  not  pass  into 
the  feeder  system.  Interference  at  difference  frequencies  raises  the  old  question  of  how  to  minimise  intermodulation 
products.  So  far  avionics  engineers  have  not  had  as  much  experience  in  this  field  as  have  their  naval  colleagues, 
however  this  problem  must  be  faced.  At  present  research  into  the  control  of  non-linearity  at  metallic  junctions  is 
making  progress  but  at  present  the  best  advice  is  to  avoid  any  but  welded  joints  in  the  antenna  and  to  avoid  siting 
the  antenna  near  a  join  in  the  aircraft  skin. 

The  problem  of  reducing  the  number  of  aircraft  antenna  by  the  development  of  combined  units  is  one  which 
must  receive  attention  if  the  development  of  avionics  systems  is  to  progress:  and  the  attention  of  antenna  engineers 
should  be  drawn  to  it  as  one  of  the  most  important  problems  facing  the  profession. 

I  would  like  to  thank  all  those  whose  efforts  in  support  of  the  Symposium  were  so  generous.  The  response  to  the 
Call  for  Papers  was  very  pleasing  hut  it  posed  the  problem  of  selecting  43  out  of  the  85  synopses  submitted.  This 
called  for  a  judgement  of  Solomon  as  the  synopses  were  of  excellent  promise.  It  was  with  regret  that  so  many  good 
papers  could  not  be  accepted  particularly  as  they  would  have  provided  the  material  of  a  good  level  symposium  on 
their  own.  Seeing  that  there  has  been  this  enthusiasm  for  this  Antenna  Symposium  it  is  hoped  that  the  Avionics 
Panel  will  be  able  to  hold  another  in  a  few  years  time. 


W.T.BLACKBAND 
Programme  Chairman  and  liditor 
8  March  1 l>74 
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SUIWARY 

Present  and  future  requirements  for  wideband,  multi-function  antennas  for  many  applications 
offer  attractive  potential  uses  for  circular  symmetric  and  multi -frequency  arrays.  Rigorous  analytical 
techniques  are  not  available  to  Investigate  Non  Planar  array  characteristics  and  experimental  techniques 
can  be  used  to  simulate  scanning  of  non  planar  arrays.  Planar  phased  arrays  received  considerable  atten¬ 
tion  over  the  past  twenty  years,  and  although  significant  advances  have  been  made,  their  widespread  use  in 
systems  has  not  teen  achieved.  A  major  factor  that  limits  their  use  is  high  cost;  and  for  aircraft,  the 
lack  of  small,  lightweight  components. 

One  approach  which  is  aimed  at  solving  several  of  these  problems  is  a  conformal  multi  frequency 
array,  using  Microwave  Integrated  Circuit  (MIC)  techniques. 

This  paper  describes  some  design  considerations  Involved  with  the  multi  frequency  conformal 
array.  Among  these  are: 

1.  Element  pattern  effects  in  non  planar  arrays, 

2.  Multi  frequency  array  techniques,  and 

3.  MIC  components  and  cost  considerations. 

The  element  patterns  of  conical  arrays  are  examined  to  determine  if  behavior  is  similar  to 
known  element  patterns  for  the  cylindrical  or  planar  arrays,  and  a  conical  sector  experimental  array  Is 
used  to  simulate  selected  "scanned"  beam  positions  to  determine  array  behavior,  i.e.,  beamwidth,  scan 
limits,  polarization  and  side  lobe  level.  The  concept  of  the  multi -frequency  array  has  been  shown  to  be 
feasible,  and  the  use  of  the  Interlacing  technique  with  the  conformal  array  allows  more  flexibility  due 
to  the  larger  element  spacings  possible.  These  features,  combined  with  MIC  hybrid  matrix  techniques  for 
multiple  beams;  diode  phasors  and  hybrid  drivers  for  beam  steering;  and  flush  mounted  radiating  elements 
provide  the  system  designer  with  a  versatile  antenna  system. 

Prototype  arrays  designed  at  wavelengths  of  30cm,  10cm,  7cm  and  3cm  are  described.  The  arrays 
have  potential  application  for  satellite  communications,  IFF  and  navigation.  Experimental  and  calculated 
array  patterns,  element  patterns  and  polarization  data  are  given,  and  factors  affecting  cost  are  also  dis¬ 
cussed. 

INTRODUCTION 

The  increasing  requirements  for  high  data  rate  and  multiple  beam  antennas  for  aircraft,  coupled 
with  a  limited  space  available  on  the  vehicle,  and  the  requirement  for  arrays  of  wide  frequency  bandwidth 
has  led  to  a  revival  of  the  techniques  used  several  decades  ago  for  circular  and  cylindrical  arrays. 

Recent  developments  In  circular  arrays  have  Increased  the  Interest  In  and  desirability  of 
taking  advantage  of  the  Inherent  broadband  capability  of  circular  symmetric  geometries.  This  interest  has 
led  to  more  rigorous  theoretical  approaches  for  solutions  of  the  problems  involved  in  the  determination 
of  useful  amplitude  and  phase  distributions,  and  reduction  in  the  complexities  of  the  feeding  structures. 

The  limited  space  available  on  ships,  aircraft  and  missiles  has  prompted  development  of  radiating  structures 
for  more  efficient  use  of  vehicle  space.  In  addition,  the  aerodynamic  requirements  and  non  planar  sur¬ 
faces  present  attractive  potential  applications  of  flush  mounted  non  planar  or  conformal  arrays.  For  the 
purposes  of  this  paper,  a  conformal  array  will  include  cylindrical,  conlcai  or  any  non  planar  array. 

For  certain  applications,  the  use  of  the  circular  symmetric  array  has  some  advantages,  especial¬ 
ly  where  single  rings  are  used  to  form  mul ti -dimensional  arrays  for  narrow  beams  in  the  vertical  plane. 


*This  work  was  partially  supported  by  the  Naval  Ship  Systems  Corrmand  and  the  Naval  Air  Systems  Command. 
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In  contrast  to  the  linear  or  planar  array,  the  radiated  beam  In  the  azimuthal  plane  of  the  circular  sym¬ 
metric  array  does  not  change  with  scan  angle,  and  changes  very  slightly  when  phase  scanned  over  small  scan 
angles.  In  general,  the  amplitude  and  phase  distributions  required  to  produce  given  beam  shapes  for  the 
circular  symmetric  arrays  are  more  complicated  than  those  required  for  planar  arrays. 

The  usual  method  for  steering  the  beam  of  circular  arrays  In  azimuth  is  to  commute  the  excita¬ 
tion  distribution.  This  usually  Involves  complex  switching  networks.  With  a  space  feed  approach  the  amp¬ 

litude  can  be  commuted  by  steering  the  source  feed  beam.  Using  a  combination  of  source  beam  commutation 
and  fine  phase  steering,  azimuth  beam  steering  can  be  simplified.  In  addition,  multiple  beams  are  also 
possible  by  Illuminating  non -overlapping  sectors  of  the  aperture  with  multiple  source  beams.  An  advantage 
of  the  circular  array  is  the  Independence  of  the  beam  steering  or  azimuth  beam  stepping  with  arc  spacing. 
Since  the  beam  Is  stepped,  rather  than  phase  scanned  (as  In  a  linear  or  planar  array),  the  restrictions  on 
element  spacing  with  scan  angle  are  not  as  severe.  There  Is  not,  however,  complete  freedom  in  the  selec¬ 
tion  of  the  spacing.  For  example,  undesired  radiation  lobes  appear  at  azimuth  angles  on  the  order  of  100° 
and  are  a  function  of  element  spacing,  angle  of  arc,  and  radius,  as  shown  in  Figure  1.  The  effects  of 
spacing  on  element  patterns  is  an  important  design  factor  in  non  planar  arrays. 

A  recent  theory  (Sureau,  J.C.  and  Hessel,  A.,  1971)  and  another  approach  (Munger,  A.D. ,  et  al . 

1971)  can  be  used  to  predict  the  behavior  of  circular  array  element  patterns  and  gives  considerable  In¬ 

sight  into  the  behavior  of  a  uniformly  spaced  circular  symmetric  array  of  waveguide-fed  apertures  In  a 
large  conducting  cylinder.  No  comparable  theory  Is  available  to  predict  the  behavior  of  element  patterns 
on  a  conical  surface,  although  recent  experiments  at  the  Naval  Electronics  Laboratory  Center  (NFLC), 

San  Diego,  using  waveguide  elements  In  conical  configurations.  Indicate  that  the  element  pattern  behavior 
Is  similar  to  that  of  the  cylindrical  array.  Present  efforts  at  NELC,  and  several  contractual  efforts  are 
aimed  towards  a  mathematical  theory  for  the  conical  configurations  and  extension  of  these  techniques  to  the 
ogive  and  cigar-shaped  geometries. 

Previously  reported  analytical  and  experimental  investigations  of  the  element  and  array  pattern 
behavior  of  large  conical  array  sectors  using  dipole  elements  are  not  adequate  to  completely  predict  array 
behavior,  but  give  some  insight  Into  the  behavior  of  the  conical  array.  (Boyns,  J.E.,  and  Munger,  A.D., 
1971).  The  concept  of  the  projected  distribution  can  yield  acceptable  patterns  in  the  absence  of  a  rig¬ 
orous  mathematical  theory. 

The  technique  of  interlacing  several  waveguide  aperture  arrays  Into  the  same  physical  has  been 
demonstrated  for  cylindrical  surfaces.  (Provencher,  J.H.  and  Boyns,  J.E.,  1971)  Experiments  have  shown 
that  the  Interaction  between  several  arrays,  operating  simultaneously  at  close  proximity,  can  be  reduced 
to  tolerable  levels.  The  excitation  of  several  arrays  In  the  same  area  poses  problems  as  to  the  choice 
of  feed  device  as  well  as  the  radiating  element.  The  use  of  dielectric  materials  to  reduce  the  size  of 
the  waveguides  is  one  approach  to  the  problem.  Another  technique  makes  use  of  copper  clad  dielectric 
waveguides  operating  in  the  TEM  mode  feeding  a  printed  dipole.  A  third  method  uses  a  printed  cavity-backed 
spiral  for  wide  frequency  bandwidth  and  circular  polarization. 

The  selection  of  the  proper  method  of  excitation,  radiating  element  and  other  components  re¬ 
quired  for  the  array  is  dependent  not  only  upon  performance,  but  Is  also  a  function  of  cost.  The  restric¬ 
tions  on  space,  weight  and  structure  require  the  consideration  of  ultimate  cost  of  reproduction  of  proto¬ 
type  units  in  the  early  design  stages.  The  elimination  of  Interconnections  between  phase  shifter,  radi¬ 
ating  element  and  feed  system  can  be  readily  accomplished  using  Microwave  Integrated  Circuit  (MIC)  tech¬ 
niques.  In  addition,  these  devices  can  be  mass  produced,  possess  high  reliability  and  occupy  a  low  volume. 
Some  basic  advantages  of  the  multi -frequency  informal  array  are: 

1.  The  radiating  elements  can  be  flush  mounted  to  conform  to  the  non  planar  surface; 

2.  Fewer  components  are  required  due  to  larger  ele.aent  spaclngs  possible  with  the  curved  array, 
and  In  addition, 

3.  More  space  is  available  between  elements  to  interlace  arrays  at  other  frequencies. 

These  advantages,  when  combined  with  the  MIC  components  can  provide  multi-frequency  arrays  and 
simultaneous  beam  operation. 

ARRAY  DESIGN  CONSIDERATIONS 

Aperture  design  of  conformal  arrays  requires  knowledge  of  the  performance  of  its  typical  ele¬ 
ments  In  regard  to  gain,  phase  and  polarization  patterns.  This  implies  that  coupling  coefficients  can  be 
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calculated  or  measured.  Since  with  existing  theories,  the  coefficients  cannot  be  calculated;  experimental 
techniques  to  measure  element  patterns  are  used.  This  data  can  then  be  used  with  the  projected  distribu¬ 
tion  concept. 

This  approach  assumes  a  reasonable  distribution  followed  by  pattern  analysis  to  show  that  the 
distribution  chosen  yields  no  undesirable  characteristics.  A  cylindrical  array  is  known  to  consist  of  a 
product  of  the  pattern  of  a  single  constituent  ring  array  with  that  of  a  linear  array  along  the  cylinder 
axis  excited  by  the  ring-to-ring  distribution.  Since  the  pattern  of  a  ring  array  varies  slowly  In  eleva¬ 
tion,  the  vertical  pattern  of  the  complete  antenna  can  be  controlled  by  using  a  ring-to-ring  distribu¬ 
tion  of  the  form  normally  used  for  linear  arrays.  It  Is  reasonable  to  use  the  same  type  of  distribution 
along  the  vertical  arrays  of  a  conical  antenna  provided  that  'he  cone  angle  is  not  too  large  and  modifica¬ 
tions  to  the  distribution  are  made  to  account  for  a  varying  radius.  This  projection  technique  must  take 
into  account  both  element  patterns  and  apparent  element  density  when  viewed  as  in  Figure  2.  The  projected 
element  density  shown  in  the  figure  Is  proportional  to  che  secant  of  the  angle  from  the  main  beam  direction. 

When  the  element  pattern  is  of  the  form 


(1) 


g(Q,0)  =  f(S)Cos  0  -ir/2<0<n/z 

=  0  elsewhere, 

then  the  element  density  and  pattern  effects  cancel,  and  the  required  distribution  on  the  arc  has  a  magni¬ 
tude  equal  to  that  at  the  equivalent  point  on  the  linear  aperture.  The  phase  excitation  is  then  chosen  to 
be  cophasal  in  the  main  beam  direction.  These  techniques  have  been  demonstrated  by  computer  simulation, 
and  have  been  verified  experimentally  at  NELC.  The  array  sector  is  shown  in  Figure  3  and  has  700  dipole 
elements  and  a  mean  radius  on  the  order  of  17  wavelengths,  and  a  cone  angle  of  30°.  Computed  patterns  of 
the  conical  array  and  a  cylindrical  array  of  similar  parameters  are  given  in  Figure  4  for  elevation  scan 
angles,  9i,  of  0°  and  60°.  Both  arrays  used  a  staggered  configuration  as  shown  in  Figure  5,  and  the  pat¬ 
tern  behavior  of  the  conical  array  at  60°  is  improved  over  the  cylindrical  array  in  terms  of  beamwldth 
and  gain.  A  more  complete  report  on  this  work  will  appear  in  the  special  issue  of  IEEE  Transactions  on 
Antennas  and  Propagation  to  be  published  in  January,  1974. 

The  techniques  discussed  are  not  adequate  to  fully  determine  the  conformal  array  parameters 
required  although  acceptable  data  can  be  obtained.  However  more  rigorous  theories  are  being  examined 
under  Navy  sponsorship  at  Polytechnic  institute  of  New  York  and  Hughes  Aircraft. 

The  theoretical  determination  of  the  far  field  pattern  of  an  antenna  is  predicated  on  the 
knowledge  of  the  aperture  distribution.  In  the  array  case,  this  requires  the  knowledge  of  the  relevant 
mutual  coupling  parameters,  which  for  the  case  of  aperture  elements  takes  the  form  of  the  mutual  admittance 
coefficients  Y^j.  The  mutual  admittance  Y12  between  two  "single  mode"  aperture  elements  In  a  conformal 
array  in  Figure  5  is  given  by  the  relation 


Vl2  B  f  [n{r)  x  E2(r)]  •  H^r)  dS/V^.  (2) 

Here  E^  is  the  electric  field  in  the  aperture  (2),  n,  the  local  normal  to  the  array  surface,  H^  the  magnetic 
field  due  to  aperture  A^  in  the  location  of  aperture  Aj  when  the  latter  is  short  circuited,  and  ,  V,  are 
the  respective  amplitudes  of  the  two  aperture  modes. 

The  magnetic  field  H^  (r)  is  given  by 


Ol(r)  •/$( r.r')  •  tgi(r')  X  n(r')]dS'  (3) 

where  the  dyadic  Green's  function  °G  (r,r‘)  represents  the  magnetic  field  at  r  due  to  a  unity  magnetic 
current  element  at  r’  on  the  conformal  array  surface. 

If  the  latter  is  not  separable,  1,  e.,  it  is  not  a  constant  coordinate  surface  of  a  frame  In 
which  Maxwell's  equations  separate,  then  the  exact  form  of  G  (r,r/)  Is  not  known.  Even  when  the  surface 
is  separable,  but  the  radii  of  curvature  are  electrically  large,  modal  procedures  which  can  be  applied, 
are  poorly  convergent.  These  difficulties  are  over  come  by  recourse  to  the  Geometric  Theory  of  Diffraction. 

In  several  papers,  (Levy,  1959)  (Keller,  J.  B. ,  1962),  a  generalized  concept  of  surface  (creeping) 
rays  for  arbitary,  convex  conducting  surfaces  was  given.  It  postulates,  In  accordance  with  Fermat's  princi¬ 
ple,  propagation  of  electromagnetic  waves  along  surface  ray  trajectories  that  are  geodesics  of  the  surface. 
Typical  surface  ray  trajectories  are  shown  in  Figure  6.  The  theory  assigns  to  each  point  on  the  ray  path  a 
field  amplitude,  phase  and  polarization.  Once  these  are  known  at  a  point  on  the  ray  trajectory,  they  may 
be  traced  along  the  ray  path,  I.e.,  they  may  be  calculated  via  the  formula 
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U[P(s)]  »  U(Po)D(s)  exp^yor[/»(s)]ds|  exp|-J^5  [P(s)]ds|  (4) 

Po  P0 

where  U(P)  Is  any  field  component  In  the  local,  ray  (geodesic)  coordinate  system  (e.g.  along  the  local 
binomial).  In  (4)  />( s)  Is  the  principal  radius  of  curvature  of  the  surface  at  a  point  s  along  the  ray 
path;  D(s)  Is  the  ray  divergence  coefficient  and  park  the  free  space  wave  number.  Thus,  the  value  of  a 
typical  ray  field  component  at  P  Is  given  In  terms  of  Its  starting  value  at  Pq,  a  ray  divergence  factor 
D(s),  which  accounts  for  the  energy  spreading  when  the  rays  are  not  parallel,  and  an  exponential  decay 
along  with  a  phase  delay  along  the  ray  travel  path.  The  latter  are  Integrals  of  the  attenuation  and  pro¬ 
pagation  constants  corresponding  to  a  local  conduction  cylinder  with  radius  of  curvature  equal  to  the 
local  principal  radius  of  curvature. 

The  derivations  and  details  have  been  omitted,  and  much  work  Is  still  required.  However, 
these  techniques  appear  promising  and  could  lead  to  realizable  solutions  for  many  nonplanar  configurations. 

Although  the  conical  array  Is  only  one  of  several  conformal  arrays,  the  knowledge  to  be  gained 
from  the  study  of  this  geometry  lends  Itself  to  the  possible  solution  of  other  configurations.  For  example, 
In  Figure  7(A),  the  conical  end  fire  and  broadside  array  parameters  must  be  determined  using  deferent 
mathematical  techniques  l.e.,  ray  techniques  and  modal  methods.  However,  once  a  t,  eory  has  been  estab¬ 
lished  and  verified,  extension  to  the  ogive  of  Figure  7(B)  Is  accomplished  only  by  calculation  of  a  new 
set  of  coupling  coefficients  for  the  particular  geometry. 

CONFORMAL  ELEMENT  PATTERNS 

A  necessary  set  of  parameters  for  the  aperture  design  of  a  conformal  array  can  be  obtained 
from  the  element  pattern.  Extensive  experimental  parametric  studies  are  expensive  and  time  consuming,  but 
are  required  at  the  present  time  due  to  the  lack  of  a  basic  theory.  The  studies  to  be  discussed  are  part 
of  a  parallel  study  with  the  Polytechnic  Institute  of  New  York  to  verify  expected  theoretical  results. 
Previous  theoretical  results,  (Hessel,  1970)  for  circular  and  cylindrical  array  element  patterns  were 
verified  at  NELC.  (Provencher,  1971)  (Hessel,  1972) 

The  element  pattern  of  elements  arrayed  on  a  circular,  symmetric  array  exhibits  large  changes 
In  shape  and  gain  as  the  Interelement  spacing  approaches  U.  This  effect  is  caused  by  interference  from 
creeping  waves  which  are  radiated  as  a  result  of  the  periodicity  of  elements.  Figure  8  shows  the  various 
wave  contributions.  These  significant  differences  from  the  planar  array  theory  were  predicted  by  the  non 
planar  theory.  The  element  pattern  behavior  was  strongly  affected  by  the  spacing  of  Its  neighboring  elements 
along  the  curve.  This  is  Illustrated  In  Figure  9  for  a  single  ring  array  with  a  radius  of  13  wavelengths 
and  element  spacings,  a,  of  0.58  and  0,78  wavelengths.  The  pattern  beamwldth  decreases  substantially, 
as  shown  in  the  figure  for  the  respective  wavelengths.  A  corresponding  increase  in  gain  Is  also  predicted. 
For  example,  when  a  =  0.52k,  the  gain  Is  Increased  more  than  2  dB  over  that  of  the  Isolated  pattern,  as 
shown  in  the  calculated  composite  patterns  of  Figure  10  (A)  Measured  patterns  In  Figure  10(B)  for  the 
same  array  show  a  marked  similarity  to  those  calculated.  The  HPBW  is  about  6°  and  the  peak  gain  is  about 
5  dB  higher  than  that  cf  the  isolated  element  pattern.  This  compares  with  7  dB  for  the  calculated  values 
for  an  array  of  Infinite  illts. 

Similar  results  were  also  obtained  for  a  cylindrical  array  with  a  radius  of  26  wavelengths 
and  for  element  spacings  of  0.54  and  0.79  wavelengths.  These  results  are  given  In  Figure  11  which  compares 
calculated  patterns  assuming  an  infinite  array  In  the  Z  direction  in  11(A)  with  corresponding  measured 
patterns  given  in  11(B).  The  split  beam  for  a/x  *  0.79  is  due  to  an  out-of-phase  condition  for  the  creeping 
waves  on  the  cylinder. 

Since  the  conical  array  can  be  considered  as  a  stack  of  ring  arrays,  it  Is  assumed  that  the 
observed  element  pattern  characteristics  of  the  circular  or  cylindrical  array  will  also  be  evident  for  the 
conical  configuration.  Preliminary  measurements  tend  to  confirm  this  assumption  as  shown  In  Figure  12. 

These  patterns  indicate  behavior  similar  to  that  observed  for  the  waveguide  arrays  described.  This  experi¬ 
mental  array  shown  in  Figure  13  has  a  mean  radius  of  16  wavelengths,  a  mean  element  spacing  of  0.6  wave¬ 
lengths  and  consists  of  44  linear  arrays  in  azimuth  with  11  elements  In  the  slant  plane.  The  cone  angle  is 
20°. 
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MULT I  FREQUENCY  TECHNIQUES 

The  feasibility  of  Integrating  several  functions  at  different  frequencies  Into  the  same  aper¬ 
ture  has  been  reported  (Boyns,  J.E.,  and  Provencher,  J.H, ,  1972)  for  both  non  planar  and  planar  geomet¬ 
ries.  Consideration  of  the  constraints  Imposed  on  array  element  spacings  suggest  a  multiple;  periodic 
configuration  and/or  a  tapered  or  non  cylindrical  type  of  structure.  One  requirement  is  that  the  element- 
to-element  spacing  to  suppress  grating  lobes,  (i.e.,  a<\)  must  be  satisfied  for  the  highest  operating 
frequency.  In  addition,  the  spacing  limitations  discussed  for  curved  arrays,  (i.e.,  a<  Q.8k)d1ctate 
a  truncated  conical  or  an  ogive  surface  if  the  several  arrays  are  not  interlaced.  Both  of  these  tech¬ 
niques  are  Illustrated  In  Figure  14.  Combination  of  the  two  techniques  into  a  single  multi -frequency 
array  are  also  possible. 

Mutual  coupling  between  the  various  arrays  must  be  considered  in  the  design  of  the  overall 
array.  Coupling  measurements  made  on  the  three  band  array  shown  in  Figure  15  confirmed  assumptions 
that  mutual  coupling  levels  are  tolerable  for  many  applications. 

The  array  consists  of  two  vertically  polarized  elements  in  the  30  cm  band;  64  horizontally 
polarized  elements  in  the  10  cm  band;  and  120  vertically  polarized  elements  in  the  5  cm  band. 

The  elements  are  arrayed  on  a  sector  of  cylinder  5m  in  diameter.  The  feed  systems  provided 
a  uniform  distribution  and  phase  correction  for  aperture  curvature  in  the  design  of  the  power  dividers. 
Since  this  array  is  on  a  large  radius  curved  surface,  the  '•esults  are  a  good  approximation  to  the  planar 
array. 

Coupling  levels  are  generally  lower  for  non  planar  waveguide  arrays  due  to  radius  of  curvature 
and  larger  element  spacings.  Coupling  between  the  arrays  can  be  reduced  by  orientation  of  the  elements 
to  take  advantage  of  different  linear  polarizations.  Higher  frequency  energy  Is  coupled  into  the  lower 
frequency  waveguides  as  higher  order  modes  and  can  be  suppressed  by  means  of  mode  filters.  Coupling 
effects  between  interlaced  dipole  arrays  have  also  been  examined  and  since  the  dipole  radiator  does  not 
possess  good  cut-off  characteristics,  their  use  in  the  multi  frequency  Interlaced  array  is  severely  re¬ 
stricted.  However,  limited  success  has  been  achieved  using  a  combination  of  printed  dipoles  and  wave¬ 
guide  elements  In  a  three  band  planar  array.  Similar  techniques  are  feasible  for  non  planar  arrays. 

ARRAY  IMPLEMENTATION 

The  demand  placed  on  the  antenna  array  due  to  space  and  weight  restrictions  on  an  aircraft 
implies  small,  light  and  highly  reliable  components.  The  (MIC)  techniques  are  well  developed  for  the 
lower  microwave  frequencies  and  have  been  shown  to  have  high  reliability.  These  techniques  yield  com¬ 
ponents  that  are  amenable  to  modular  concepts.  Figure  16  shows  a  typical  MIC  module  for  use  as  a  module 
for  an  array  with  four  simultaneous  beams  In  one  plane  and  switched  (step  scan)  in  the  other  plane.  The 
simultaneous  beams  are  provided  by  means  of  a  4-port  hybrid  matrix  and  are  switched  using  diode  switches. 

The  array  Is  steered  In  the  other  plane  using  ferrite  or  diode  phase  shifters.  The  MIC 
module  consists  of  four  dipole  elements,  a  four  port  hybrid  matrix  and  the  matrix  switching  network. 

These  components  are  printed  on  alumina  substrates  and  occupy  an  area  of  8  square  Inches.  The  circuits 
are  highly  reproducible  and  relatively  inexpensive  to  fabricate.  The  hybrid  matrix  has  also  been  re¬ 
produced  on  alumina  for  8  and  16  beam  arrays. 

One  advantage  of  this  technique  (s  that  connections  between  components  become  an  integral 
part  of  the  module,  and  interconnecting  fittings  are  eliminated.  This  results  in  lower  losses  and  tends 
to  Increase  reliability.  A  disadvantage  of  present  techniques  Is  that  MIC  devices  exhibit  relatively 
high  losses  at  the  higher  frequencies.  However,  this  Is  a  trade-off  factor  which  must  be  considered 
along  with  space,  weight  and  reliability.  For  some  applications,  the  losses  are  tolerable.  The  various 
trade-offs  that  can  be  made  are  dependent  upon  component  cost.  In  general,  array  antennas  have  not 
received  widespread  use.  The  one  single  factor  fcr  this  situation  Is  the  high  cost  of  the  components 
which  are  required.  Considerable  effort  has  been  expended  to  reduce  fabrication  costs  and  limited  success 
has  been  achieved.  The  MIC  modular  techniques  hold  promise  for  cost  reductions  by  minimizing  Interconnec¬ 
tions,  reducing  component  size,  and  reducing  human  operations  required  for  fabrication.  Once  the  basic 
configuration  has  been  determined,  etching  techniques  can  be  used  to  produce  many  Identical  units  with 
close  tolerances.  The  power  handling  capability  of  the  devices  can  present  a  limitation  when  a  small 
number  of  units  are  used  In  an  array,  however,  improvements  In  materials  and  the  application  of  small 
power  sources  at  each  radiating  element  Increase  the  possibility  of  successful,  useful  conformal  arrays. 
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Fig.  1  Cylindrical  array  azimuth  radiation  pattern,  44  elements,  f=  3.2  GHz,  radius  =  26.3  wavelengths 


Fig. 2  Projected  element  density,  active  sector  =  120°,  f  =  12.0  GHz  ,  waveguide  elements,  measured 


Fig. 3  Conical  array  sector,  mean  radius  ~  17  wavelengths,  700  dipole  elements,  cone  angle  =  25° 
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Fig.  13  Conical  array,  484  waveguide  elements,  44  x  II,  mean  radius  =  16  wavelength 
mean  element  spacing  =  0.6 X  ,  0  =  20° 
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I  ig  14  Multifrequency  arrays;  (A)  interlacing  elements,  (B)  non  cylindrical  configuration 


Hg.  I  5  Three  band  multifrequency  array,  radius  =  26  wavelengths,  30  cm  band,  10  cm  band 

Interlaced  configuration 


fig  I  >'  I  y  pica  I  Ml<  module 
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DI3CU88IQN 


r  H.J.  Cary.  Have  you  considered  a  choke  system  to  reduce  creeping  waves?  Have  you 
meaguretT'oroa a-polarl gation  on  conical  arrays'.  What  material  and  thickness  do  you  use  for 
covering  the  antenna  and  will  this  not  have  an  effect  on  coupling  and  performance. 


uuncrer:  1.  No.  It  might  be  possible  but  I  think  it  is  better  to  start  with  good 

element  design  and  proper  spacing. 

2.  Tea.  We  have  both  measured  it  and  computed  it.  The  cross-polarization  varies  with 
@-scan  angle,  and  with  the  percent  sector  of  the  array  that  is  activated.  Por  a  60-70 
degree  arc,  I  think  15-20  dB  is  a  typical  number.  The  situation  is  helped  somewhat  by  the 
fact  that  the  cross-polarizations  from  the  symmetrical  halves  of  the  aperture  are  anti- 
phased. 

3.  we  have  not  used  nor  analysed  the  effect  of  a  dielectric  covering.  J.C.  Sureau 
solved  this  problem  for  an  infinite  cylindrical  array,  I  think  in  a  recent  I.E.E.E.-QAP 
issue.  Also,  a  paper  later  in  this  conference  (J.  Vogt  (Paper  25))  dealB  with  the  problem 
for  finite  number  of  elements  on  the  cylinder. 


H.  Reitzig:  Following  up  your  slides  what  strikes  me  is  that  the  element  pattern  is  wore 
strongly  deteriorated  due  to  mutual  coupling  for  larger  element  spacing  although  I  would 
have  expected  a  decreasing  effect  of  mutual  coupling  on  the  element  pattern  with  larger 
element  spacing  within  the  conformal  array. 

A.D.  Hunger:  If  you  measure  the  power  coupled  by  a  singly  excited  element  into  an  adjacent, 
it  is  indeed  larger  for  more  closely  spaced  elements.  However.it  is  the  effect  of  the 
coupling  with  which  we  are  concerned  and  this  is  determined  by  the  phases  as  well  as 
amplitude  of  the  coupling  and  the  way  in  which  coupling  effects  from  several  elements  either 
reinforce  or  cancel. 

To  get  a  feeling  for  the  element  pattern  behaviour  as  a  function  of  spacing,  we  can 
probably  use  analogy  with  a  linear  or  planar  array.  We  know  that  in  a  planar  array,  the 
scanning  is  limited  when  the  element  spacing  is  too  great  due  to  the  grating  lobe  in 
invisible  space  nearing  the  boundary  of  real  space.  The  narrowing  of  the  element  pattern 
on  the  circular  array  limits  the  "scan"  in  the  sense  that  the  angular  portion  that  can  be 
excited  is  reduced  to  those  elements  that  can  contribute  to  the  beam. 


Q.  Borglottl;  The  creeping  wave  approach  requires  the  solution  of  a  very  complex  transverse 
resonance  equation.  This  is  practically  impossible  for  complicated  multimodal  elements. 

The  modal  approach  la  the  only  one  leading  at  the  present  state  of  the  art  to  numerically 
manageable  solutions  (See  for  example  Borgiotti  and  Balzano.I.E.E.E.  GAP  Sept.  1973). 

A.  Hassel:  Professor  Borglottl' s  point  of  view  is  narrow.  It  1b  true  that  the  modal 
analysTs'ls  straight  forward  in  the  cases  when  it  applies,  l.e.  in  a  planar,  cylindrical, 
spherical  and  conical  geometry.  But  already  for  spheroidal  or  paraboloidal  surfaces  the 
modal  approach  breaks  down  because  these  geometries  are  no  longer  vector  (e. g.  TE,TV) 
separable.  Even  in  a  separable  geometry,  i.e.  ,  for  conical  arrays,  modal  techniques  are 
poorly  convergent  when  the  elements  are  in  remote  locations  from  the  tip. 

To  overcome  these  difficulties,  one  resorts  to  the  Geometrical  Theory  of  Diffraction 
which  permits  handling  of  mutual  coupling  in  airayB  on  conducting  curved  surfaces  with 
large  radii  of  curvature  in  a  non-aepai able  geometry.  This  method  utilizes  the  guided 
waves  (creeping  waves)  of  the  unperforated  conducting  array  surface  for  calculation  of 
mutual  admittance  coefficients.  The  size  of  the  array  of  multimode  elements  that  can  be 
aooomated  in  this  manner,  however,  is  limited  by  the  maximum  size  of  the  mutual  admittance 
matrix  that  in  practice  can  ba  inverted  on  a  digital  computer. 

At  this  point  the  "useless"  roots  of  the  complex  transverse  resonance  equation  become 
useful.  Instead  of  employing  the  element  by  element  approach,  one  considers  the  variation 
of  curvature  of  a  uniformly  spaced  conformal  array  as  a  perturbation  of  a  cylindrical  array 
with  all  its  elements  match-terminated.  In  this  form  the  mutual  coupling  takes  place  via 
guided  waves  (creeping  wavee)  of  a  locally  cylindrical  match  terminated  array.  These  guided 
waves  automatically  take  into  aooount  the  presence  of  the  neighbouring  elements  and  the 
coupling  between  them.  The  variation  of  curvature  is  then  taken  into  account  by  using  the 
phase  integral  method.  The  method  is  described  in  ref. (1)  and  a  paper  showing  an 
application  of  this  approaoh  to  a  conformal  array  of  slits  on  a  parabolic  cylinder  surface 
is  in  preparation. 

The  difficulties  of  solution  of  complex  resonance  equations  are  exaggerated  by  Borgiotti. 

Since  the  approximate  location  of  the  complex  root*  is  always  known  the  computation  problem 
la  not  very  difficult, providing  that,  of  course,  Vnc  pays  proper  attention  to  the  radiation 
condition. 

(l)  J.  fchaplra,  L.B.  Kelson  and  A.  Heasel:  Ray  analysis  of  conformal  antenna  arrays,  to 
be  published  in  the  I.B.E.E.  trana.  on  Antennas  and  Propagation,  Special  lesue  on 
0 on formal  Arrays  ( »o  appear  Jan.  197h). 
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PATTERNS  AND  POLARIZATIONS  OF  SIMULTANEOUSLY  EXCITED  PLANAR  ARRAYS  ON  A  CONFORMAL  SURFACE 


by 

J.  K.  Hsiao  and  A.  G.  Cha 
Radar  Division 
Naval  Research  Laboratory 
Washington,  D.  C.,  USA  20375 


SUMMARY 


A  conformal  array  on  a  surface  of  small  curvature  can  be  approximated  by  a  number  of  planar 
arrays,  several  of  which  may  be  excited  simultaneously  so  as  to  achieve  a  performance  similar  to. that  of 
a  conformal  array.  Since  the  main  beam  of  a  planar  array  can  be  steered  to  any  direction  in  visible 
space,  several  arrays,  each  oriented  in  a  different  direction,  can  be  steered  cooperatively  to  form  a 
single  beam  in  a  desired  direction.  A  general  formulation  of  the  radiated  field  of  such  an  array  of 
arrays  is  developed  with  the  aid  of  formulas  which  relate  the  components  into  which  a  vector  is  resolved 
in  one  orthogonal  coordinate  system  with  those  into  which  the  same  vector  is  resolved  in  a  second 
orthogonal  coordinate  system.  This  formulation  does  not  involve  the  Integration  of  the  current  source 
but  is  solely  dependent  upon  the  knowledge  of  the  far  field  expressions  of  elementary  radiators.  Using 
this  formulation,  it  can  be  shown  that  within  each  array,  the  conventional  row  and  column  phase  setting 
can  be  used,  although  each  array  requires  an  additional  phase  shift  to  compensate  for  the  phase  difference 
caused  by  its  position  on  the  curved  surface.  As  examples,  the  radiation  patterns  and  polarizations  of 
multiple  arrays  of  short  dipoles  are  studied  using  the  present  formulation.  A  comparison  of  the  multiple 
planar  array  witn  the  conventional  cor  formal  array  is  also  presented. 


I.  INTRODUCTION 

In  recent  years,  considerable  interest  has  been  shown  in  conformal  arrays.  This  type  of  array 
has  a  variety  of  potential  uses.  For  example  on  an  airplane  or  a  missile,  due  to  the  limitation  of 
available  space,  it  is  often  difficult  to  install  a  large-size  conventional  antenna.  However  a  conformal 
array  can  be  fitted  onto  the  surface  of  part  of  the  vehicle  body,  and  the  installation  of  such  a  flush- 
mounted  antenna  need  not  interfere  with  the  operation  of  the  vehicle.  Furthermore  because  part  of  the 
vehicle  body  forms  the  ground  plane  of  the  antenna,  the  electrical  interference  problem  should  be 
minimized.  However,  in  general,  conformal  arrays  suffer  several  drawbacks.  First,  the  phasing  of  such 
arrays  is  very  difficult.  Except  for  a  few  particular  cases,  there  is  no  available  approach  for  lasing 
such  an  array.  Second,  the  switching  of  the  beam  of  such  an  array  becomes  exceedingly  complicated. 
Moreover,  the  complexity  of  the  switching  network  usually  introduces  very  high  losses  in  the  system  and 
hence  degrades  its  performance. 

It  is  conceivable  that,  on  a  surface  of  small  curvature,  one  may  approximate  this  conformal 
array  by  a  number  of  planar  arrays,  several  of  which  may  be  excited  simultaneously  so  as  to  achieve 
performance  similar  to  that  of  a  conformal  array.  Since  the  main  beam  of  a  planar  array  can  be  steered 
to  any  direction  in  real  space,  several  planar  arrays,  each  oriented  in  a  different  direction,  can  be 
steered  cooperatively  to  form  a  single  beam  in  a  desired  direction.  With  such  an  arrangement,  the  problem 
of  array  phasing  Is  greatly  eased.  Within  each  array,  the  conventional  row  and  column  phase  setting  can 
be  used,  although  each  array  requires  an  additional  phase  shift  to  compensate  for  the  phase  difference 
caused  by  its  position  on  the  curved  surface.  However,  this  correction  is  much  simpler  than  that  re¬ 
quired  for  a  conventional  conformal  array  in  which  each  element  requires  this  compensating  phase  setting. 
Furthermore,  the  switching  is  greatly  simplified  as  it  involves  only  a  few  planar  arrays  as  compared  to 
the  usual  conformal  array,  in  which  one  must  switch  radiating  power  among  a  large  number  of  elements. 

The  problem  was  formulated  in  an  earlier  report  (Hsiao,  J.  K. ,  1972)  for  multiple  planar 
arrays  of  vertical  dipoles  which  might  be  used  to  approximate  a  conformal  array  of  vertical  dipoles  on  a 
cylindrical  surface.  It  was  shown  that  a  composite  array  pattern  function  can  be  defined  such  that  the 
far  field  is  the  product  of  the  element  radiation  pattern  and  the  composite  array  pattern  function. 
Numerical  examples  for  this  kind  of  composite  array  were  also  presented  and  properties  of  the  far  field 
were  discussed.  The  analysis  in  the  earlier  report  is  strictly  valid  only  when  the  element  pattern  of 
each  planar  array  in  the  composite  array  is  similarly  polarized.  The  present  report  deals  with  the 
general  case  where  the  polarization  of  the  far  field  of  each  planar  array  may  be  different.  The  radiation 
pattern  and  polarization  characteristics  are  studied  again  using  arrays  of  short  dipoles, 

II.  SIMULTANEOUSLY  EXCITED  PLANAR  ARRAYS  OF  ANTENNAS 

In  analyzing  the  field  of  a  system  of  simultaneously  excited  planar  arrays  of  antennas,  it  is 
convenient  to  write  the  field  expressions  in  coordinate  variables  of  different  coordinate  systems. 

Figures  (1)  and  (2)  illusLrate  these  various  coordinate  systems.  Figure  (1)  shows  the  position  of  each 
planar  array  relative  to  the  origin  of  the  unprlmed  coordinate  system.  Figure  2  shows  the  lattice 
structure  of  the  <- th  planar  array  and  its  radiators.  One  primed  coordinate  system  is  assigned  to  each 
planar  array,  e.g,,  (x^,  yJk,  z|)  for  the  f-th  planar  array.  One  double  primed  coordinate  system  is  also 
assigned  to  the  radiators  of  a  planar  array,  e.g,,  (x'^,  y'^,  z'jj)  for  the  radiators  of  the  f-th  planar  array. 
The  primed  coordinate  systems  are  useful  since  the  array  pattern  functions  for  the  planar  arrays  are  known 
in  terms  of  the  primed  coordinate  variables  (8^,  cpi) .  The  double  primed  coordinate  systems  are  useful 
since  the  element  pattern  of  the  radiators  of  the  I-th  planar  array  may  be  known  in  a  different  coordinate 
system  than  the  primed  coordinates  (fl|,  epp . 
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The  far  field  of  a  system  of 
omitting  the  time  phase  factor  eJU)t,  aa 


simultaneously  excited  planar  arrays  of  antennas  may  be  written. 
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L  ■  the  number  of  planar  arrays 

EZ  *  the  electric  field  due  to  the  Z-th  planar  array 
c/(e'l.  cp’i)  -  the  element  pattern  of  the  Z-th  planar  array 
k  »  free  space  wave  number 

A/on  “  C0“PlB*  excitation  coefficient  of  the  radiating  element  at  the  point 
R  “  unit  radial  vector 
In  spherical  coordinates. 
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?n  f*Mi)  8^ly  the  f*ctor„for  the  4-th  planar  array  phased  to  have  maximum  radiation 

our  «nvd1^!  ^  c?"p*e,t  c™Btmnt  °Z  e  «y  be  *«t  to  certain  convenient  values  that  would  cancel 

out  any  phase  differences  of  the  Ez  s  ln  the  direction  For  instance,  Of,  may  be  set  ln  the  following 
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The  constant  Ozem  Is  simply  the  amplitude  of  the  excitation  coefficient  of  the  element  with  the  Indices 
Z,  m,  n.  Each  element  pattern  Ez  (OJJ,  cp 'i  )  la  assumed  to  be  known  ln  the  form 
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Two  problems  wopld^iave  to  be  solved  before  Eq. 
unit  vectors 

the  fields  _  _  _ r _ _ _ _ 

expressed  as  functions  of  the  unprlmad  coordinate  variables  0  and  cp 
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III.  TRANSFORMATIONS  OF  COORDINATE  SYSTEMS 

The  problem  of  coordinates  transformation  is  in  expressing  a  vector  function  V  known  in  the 
primed  coordinate  variables  and  unit  vectors  in  terms  of  the  unprlmed  coordinate  variables  and  unit 
vectors.  .  That  is,  V  is  known  in  the  form 

A  A 

V  -  v0l  (S',  cp' )  8'  +  V  (0',  cp')  cp'  (10) 

where  V0,  and  V^i  denote  two  functions  of  8'  and  cp' . 

We  are  Interested  in  finding  V  in  the  form 

A  A 

v  -  ve  (e,  cp)  e  +  Vq,  <e,  cp)  cp  (ID 

where  Vg  and  Vfy  denote  two  functions  of  9  and  cp.  Note  we  have  confined  ourselves  to  the  discussion  of 
radiation  fields.  Thus,  the  vector  has  no  radial  component  and  is  independent  of  the  radius  variable  R. 


In  the  following  paragraphs,  we  will  be  dealing  with  a  class  of  matrices  known  as  real  orthogo¬ 
nal  matrices.  These  matrices  transform  a  vector  from  one  orthogonal  coordinate  system  to  a  jjecond  orthogo¬ 
nal  coordinate  system  in  the  three  dimensional  Euclidean  space.  That  is,  if  (or,  p,  y)  and  (a',  p' ,  y') 
are  the  two  sets  of  unit  vectors  of  two  orthogonal  coordinate  systems,  then  the  components  of  a  vector  V 
in  the  two  coordinate  systems  are  related  by  an  orthogonal  matrix  |d|, 

| v|  -  |d| -|v- |  (12) 

where  |v|  and  | V ' |  are  the  column  matrix  representations  of  the  vector  V  in  the  two  coordinate  systems. 


V* 

Vg 

V.. 


V 


V 


Real  orthogonal  matrices  have  two  useful  properties.  First,  the  inverse  | D | -1  of  a  real 
orthogonal  matrix  |d|  is  the  transpose  |d|t  of  |d(  ,  or 

M-1  |d|t 


(13) 


(14) 


(15) 


Second,  the  product  of  real  orthogonal  matrices  is  a  real  orthogonal  matrix.  These  properties  will  be 
utilized  in  later  discussions. 

Coordinate  transformations  involve  either  a  linear  translation  or  a  change  of  orientation  of 
the  coordinate  system.  Refer  to  Fig.  1.  The  only  translations  involved  in  the  present  problem  are  in 
moving  the  origins  of  the  primed  coordinate  systems  back  to  the  common  reference  point,  the  origin  of  the 
unprlmed  coordinates.  For  the  far  field,  the  only  effect  of  this  translation  is  in  introducing  the  phase 
factor  eJ*^  in  Eq .  (6).  The  functional  dependence  of  a  field  vector  V  on  the  ".oordinate  variables 

and  unit  vectors  is  not  altered  by  coordinate  translations.  This  is  illustrated  in  Fig.  3  where,  for 
clarity,  the  translation  R£  between  the  two  coordinate  systems  is  assumed  to  be  in  the  x-y  plane.  Let  P 
be  the  field  observation  point,  then  it  can  be  seen  if  the  field  point  P  is  truly  at  Infinity,  one  would 
have 

_  A 

R'  -  R  -  R'  •  R 

0'  -  9  (16) 

Cp '  -  cp 

and 

A  A 

R'  ”  R 
A  A 

o'  -  e  (17) 

A  A 

cp*  -  CP 

A  A 

The  field  vector  V  in  terms  of  9,  cp,  9,  cp  can  be  obtained  by  substitution  of  (16)  and  (17)  in  (10). 

Since  V  is  independent  of  R',  it  is  obvious  that  the  functions  V0  and  V(p  in  (11)  are  identical  to  the 
functions  and  ifyi  on  (10).  For  example,  the  radiation  field  of  a  snort  dipole,  lying  along  the 
z'-axis  and  at  the  origin  of  the  primed  coordinate  system  in  Fig.  3,  is  given  by 

A 

JT  -  E0  (t  ,R  1 )  sin  9'  8' 


(18) 
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E0(t,R') 


jui(t  -  -  ) 
luiISeJ  C  ' 


AifStTV 

where  I  and  S  are  the  current  and  length  of  the  dipole.  (19) 

Substituting  (16),  (17)  In  (18),  (19)  and  using  the  far  field  approximation  R'  «  R  for  the  denominator 
of  (19),  A 


f  * 

F  ™  |  E0(t,R)  sin  0  9 

L 


jkff.R 


(20) 


Note  the  factor  Inside  the  square  bracket  of  (20)  has  an  Identical  form  as  that  of  (18) . 

A  From  the  above  discussion,  we  conclude  that  with  the  Inclusion  of  the  exponential  factor 
eJk£-£'(R  *  the  translation  R£  has  no  other  effect  on  Eq.  (6)  and  will  be  ignored  In  later  discussions. 

The  second  transformation  is  one  in  which  the  orientation  of  the  coordinate  system  la  changed. 
The  transformation  formula  has  been  set  up  In  classical  mechanics  problems  using  matrices.  Three  Indepen¬ 
dent  parameters  arc  needed  to  specify  the  orientation  of  a  rigid  body.  These  are  known  as  Eulerian 
angles.  The  transformation  Is  described  by  the  three  angles  as  explained  In  the  following  paragraphs. 

The  change  of  the  orientation  of  the  coordinate  system  Is  accomplished  by  three  successive 
rotations  about  the  three  coordinate  axes.  These  rotations  are  shown  in  Fig.  4.  The  first  rotation  Is 
for  an  angle  5y  about  the  y-axis.  The  orthogonal  matrix  between  the  primed  and  the  unprimed  coordinate 
systems  for  this  rotation  Is 


|A| 


The  second  rotation  Is  feu  an  angle  gz  about  the  z-axls.  The  orthogonal  matrix  for  this  rotation  Is 

cos  gz  -sin  gz  0 

|B|  -  |  sin  cos  gz  0  |  (22) 

0  0  1 

The  third  rotation  Is  for  an  angle  gx  about  the  x-axls. 

1  0 

|c|  -  0  cos  gx 

0  sin  gx 


cos 

5y 

0 

sin  gy 

0 

1 

0 

(21) 

-sin 

!y 

0 

COS  gy 

0 

-sin 
cos  gx 


(23) 


In  all  three  rotations  the  angle  of  rotation  is  positive  when  the  rotation  Is  counterclockwise  with 
respect  to  the  axis  of  rotation.  The  overall  transformation  may  be  written  as 

|d|  -  |c|  |b|  |a|  .  (24) 

One  should  note  here  that  the  order  of  matrix  multiplication  is  not  commutative;  thus  the 
sequence  of  these  transformations  is  not  Interchangeable. 

Note  the  matrices  |a| ,  |bj,  |c|,  |d|  are  real  orthogonal.  Thus 

Id)*1  -  |d|T  (25) 

Multiplying  Eq.  (12)  by  |d|"1,  one  obtains 

I V  |  -  |d|'1.  |v|  (26) 

Using  |d|  and  |l)|T,  a  vector  decomposed  in  one  rectangular  coordinate  system  may  be  re-decomposed  In  a 
different  rectangular  coordinate  system.  To  treat  radiation  fields,  however,  one  would  also  have  to 
deal  with  components  in  spherical  coordinates.  The  spherical  coordinate  components  and  the  rectangular 
coordinate  components  of  a  vector  are  also  related  by  real  orthogonal  matrices. 


Vr 

Vx 

ve 

"  IDrpI  ’ 

vy 

Vq> 

Vs 

(27) 
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Vx 

Vi 

> 

vy 

*  I^rI 

V0 

vz 

Vcp 

where 


sin  0  cos  cp  Coa  6  co*  cp  -sin  cp 

DPRl  ”  |  sin  0  sin  cp  cos  0  sin  cp  cos  cp 

cos  0  -  sin  0  0 

I  °Rpl  "  l»PR|  -1  ”  |Dpr|T 

Substituting,  (27),  (28)  in  (12),  and  if  V  is  the  radiation  field  in  (10),  we  obtain 


Vr 

0 

V9 

-  |drpI  •  |d|  .  (d'pr)  - 

© 

■e 

Vcp-  (»',  cp') 

(28) 


(29) 

(30) 


(31) 


where  Jo-pul  Is  given  by  Eq.  (29),  with  (0',  cp')  replacing  (0,  cp) .  It  is  used  since  the  first  transforma¬ 
tion  is  from  the  primed  polar  coordinates  to  the  primed  rectangular  coordinates.  Equations  (6)  and  (7) 
can  now  be  rewritten  in  the  matrix  form  with  the  aid  of  (31)  and  (12)  respectively. 


(32) 


Er(0  ,co) 

A  A 

0 

E0(0,cp) 

"  5  fiJ  ~l  (  °)ff  1  dprI 

Ecp(e,<p) 

v 

A 

A 

tnn 

-  *o> 

(33) 

IJUil1*  the  natrlx  of  RW  <*i.  Vi.  «J>  coordinates.  The  matrix  DU  is  the  transformation 
matrix  from  (x^,  yj,  z '/)  to  (x,  y,  z)  and  Dj/  is  the  transformation  matrix  from  (xl,  yi,  zl)  to  fx  v 
Equations  (32)  and  (33)  give  the  formal  solJfion  of  the  radiation  field  of  uulti^S  pUn.r  arrays 
assuming  the  double  primed  and  primed  coordinate  variables  9J,  qty,  01,  cpl,  etc  are  functions  o/the 
unprimed  polar  coordinate  variables  0  and  cp,  1  1  1  1  8  °r  tne 

Th»  t,ex*’ve  con8ld«r  relations  between  coordinate  variables  under  coordinate  transformations, 

f^r  the  vector  7  lna(26)?  n8“  r  C°°rdinate  V*rUbles  are  obt*ined  by  substituting  the  position  vector  R 


Id)-1  |r| 


(34) 


where 


)r'| 


(35) 


1*1  - 


(36) 


The  relations  between  polar  coordinate  variables  are  found  by  substituting 


X 

sin  0  cos  cp 

y 

at 

sin  0  sin  cp 

* 

COS  0 

and 
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x' 

as 

sin  8’  cos  cp1 

y’ 

- 

sin  8*  sin  cp' 

z' 

cos  8' 

In  (34)  and  solving  for  6'  and  cp* . 

Using  the  three  Eulerian  angles,  It  can  be  shown  that 


0'  -  cos-1  Z' 

(0.  <P> 

(39) 

cp'  •  tan-1  — 

Jis. 

JSEl 

(40) 

27 

(0, 

Cp) 

V 

(0. 

cp) 

»  sin  8 

cos  0 

COS 

ly  cos  lx  4-  sin 

6  sin  0  sin  |z 

+  cos 

0 

sin 

ly  cos  |z 

(41) 

y* 

(e. 

CP) 

■  -  sin 

8 

COS 

Cp  (cos  |y  sin  £z  cos  |x 

+  sin 

|y  sin  lx) 

+ 

sin 

8  sin  tp  cos  lx  cos  |x 

-  cos 

8 

(sill  iy 

sin  |z  cos  |x  - 

COS 

ly  sin 

lx) 

(42) 

z' 

(0, 

cp) 

■  sin  8 

cos  0 

(cos 

|y  sin  |z  sin  I 

lx  - 

sin  |y 

COS 

lx)  - 

sin  8 

sin  0  cos  lx  sin  lx 

+  cos 

8 

(sin  |y 

sin  |x  sin  |x  + 

cos 

|y  cos 

lx) 

(43) 

The  ambiguity  in  the  value  of  the  arc  tangent  function  in  Eq.  (40)  is  resolved  by  applying  the  same  set 
cf  rules  that  one  uses  to  determine  the  value  of  tan-  1  (y/x)  where  x  and  y  ire  the  rectangular  coordinate 
variables. 

IV.  THE  RADIATION  FIELD  OF  A  HORIZONTAL  SHORT  DIPOLE 


In  Fig.  5a,  let  z  be  the  elevation  axis,  then  the  dipole  lying  along  the  x-axis  may  be  re¬ 
ferred  to  as  a  horizontal  dipole.  The  far  field  of  a  dipole  is  commonly  known  in  the  coordinate  system 
in  Fig.  5b  and  is  given  by  Eqs.  (18)  and  (19).  The  far  field  of  the  horizontal  dipole  may  ba  obtained 
from  Eq.  (18)  using  coordinate  transformation  formulas.  The  primed  rectangular  coordinate  system  in 
Fig.  5b  is  obtained  from  the  unprimed  rectangular  coordinate  system  in  Fig.  5a  by  a  simple  rotation  of 
-90  degrees  about  the  y-axis.  From  (21),  using  the  Eularlan  parameter  |y  -  90  degrees. 


0  0  1 


|d|  -  |a| 


0  1  0 
10  0 


(44) 


The  relations  between  the  rectangular  coordinate  variables  are  from  (34) 

x'  -  -z 

y'  -  y  (45) 

Z1  ■  X 

The  relations  between  the  polar  coordinate  variables  can  be  obtained  from  (45). 


cos  8' 

.  2 1 
R' 

■  *  *  sin  8  cos  cp 

K 

sin  8' 

'  / 

1  -  sin  8  cos  cp 

cos  cp' 

x'  -  ccs  8 

R' 

sin  8'  y'l  -  sin-  8  cos-  cp 

sin  cp' 

■  - 

v*  _  sin  8  sin  cp 

R’  sin  8'  y^l  -  sin*  8  cos*  cp 


The  matrix  form  for  E  in  the  primed  polar  coordinates  Is 


Er- 

0 

V 

as 

E0(t)  sin  8' 

V 

0 

Carrying  out  the  successive  matrix  multlp’ lcatlon  in  (31)  using  (29),  (30),  (44),  (47) 


(46) 


(47) 
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Er 

-  sin  9  cos  cp  sin  0'  +  sin  0  sin  cp  cos  0*  sin  cp'  -  cos  0  cos  0'  cos  cp* 

E0 

- 

•  cos  0  cos  cp  sin  9*  4-  cos  0  sin  Cp  cos  O'  sin  cp'  4-  sin  0  cos  0'  cos  cp' 

sin  cp  sin  0'  4-  cos  cp  cos  0’  sin  cp" 

If  we  now  substitute  (46)  in  the  ebove  expression  to  get  rid  of  the  primed  coordinate  variables,  we  obtain 


Er 

0 

Ee 

m 

-  E0(t)  cos  0  cos  cp 

Ecp 

Ec(t)  sin  cp 

or 


A  A 

E  »  E0(t)  (-  cos  9  cos  cp  G  +  sin  cp  co) 


V.  PLANAR  ARRAYS  OF  SHORT  DIPOLES 


(49) 


(50) 


In  this  section,  we  will  consider  using  planar  arrays  of  short  dipoles  to  approximate  a  confor¬ 
mal  array  of  short  dipoles  on  a  cylindrical  surface.  The  geometry  of  the  problem  is  shown  in  Fig.  1.  The 
elements  of  the  A-th  array  are  symmetrically  placed  about  the  reference  point  91.  The  elements  are  short 
dipoles  either  in  the  direction  of  xl-axis  or  zl-axls  of  Fig.  2.  Using  the  element  pattern  functions  in 
(50)  and  (18),  the  double  primed  coordinates  are  obviously  the  same  and  the  primed  coordinates  for  both 
these  cases.  The  Eulerian  parameters  between  the  (x,  y,  z)  coordinates  and  the  (xl,  yl,  *1)  coordinates 
are  5xf  “  0,  5y/  0»  %zt  “  *  [  i'f'-l)  ~  4  ^  ]• 


M 


cos  5 zt  -  sin  0 

sin  SZ£  cos  5 zi  0 

0  0  1 


(51) 


It  is  easy  to  see  that,  for  this  simple  rotation,  the  following  relations  hold  for  any  far  field 
expressions. 


A 

A 

«P' 


CP  - 


A 

9 

A 

CP 


Since  tie  vectors  01  and  cpl  are  identical  to  9  and  cp,  one  can  use  Eq.  (6)  in  place  of  Eq.  (32)  for 
the  vector  addition  process.  Thus  A  A 


5  ai [  Vei-  9i  +  %  W  ]  e 


jkRr(R-R0) 


<P>) 


(53) 


(54) 


The  excitation  coefficients  are  assurntd  to  have  uniform  magnitude  of  one.  The  array  pattern  function 


f i  (0,  cp)  is  obtained  from  Eq. 

(33)  as 

A  A 

tl(9,  cp) 

M 

-  E 

N 

E  « 

sJk<lD|T,|Rfanl>,lR  '  Rol 

(55) 

m»-H 

n«-N 

where 

m  dx 

|r-  1 

■ 

0 

(56) 

Xmn 

1 

1  n  <1* 

Carrying  out  the  matrix  multiplication  and  rearranging  terms,  it  can  be  shown 

ff  (0,  cp)  -  fxi  (9,  cp)  tzi  (0,  cp)  (57) 


where 

M 

(0,  cp)  -  l  +  2  £  cos  mxdx  [sin  9  cos  (cp  -  S*j)  -  sin  0O  cos  (cpg  -  5j£)J 
mal 

N 

f  ,  (0,  cp)  -  1  +  2  E  cos  nlcdj  (cos  0  -  cos  0O) 
n-1 

Substituting  (18),  (52),  (53)  in  (54),  the  radiation  field  for  a  system  of  planar  arrays  of  vertical 
short  dipoles  Is 


(58) 

(59) 


(60) 


2  S 


F  -  E0(t)  sin  0  £  ^  -  Ro)fi(e/j  vjt)  J 


Substituting  (50),  (52),  (53)  in  (54),  the  radiation  field  of  planar  array*  of  horizontal  dipoles  is 

A  A 


E  -  E0(t) 


f  JkRjf(R  -  Ro)  1 

£  -  cos  8  cos  (cp  -  SBj)e  1^(8,  ep) 

+  E0(t)  £  £  sin  (cp  -  SEi)eJkJri,ni  '  R°)fi(e,  «JJ 


(61) 


In  obtaining  both  (60)  and  (61),  the  complex  constants  dj,  in  (6)  were  set  equal  to  one. 

VI .  NUMERICAL  CALCULATIONS 

For  the  multiple  planar  arrays  of  vertical  dipoles,  one  can  define  a  composite  array  function 


A(9,  cp). 


A  A 

L  JkR/  .(R  -  R0) 

A(0,  cp)  -  e  fz(®i*  «Pf> 


(62) 


The  radiation  field  is  then,  from  (60), 

A 

F  -  [  E0 (t)  sin  0  0  ]  A(0,  cp)  (63) 

This  composite  array  function  was  calculated  for  different  parameters  In  an  earlier  report  (Hsiao,  J.  K., 
1972). 


In  the  case  of  multiple  planar  arrays  of  horizontal  dipoles,  the  far  field  can  not  be  factored 
Into  the  product  of  an  array  function  and  an  element  pattern  function,  as  can  be  seen  from  Eq.  (61). 

This  Is  characteristic  of  multiple  planar  arrays  where  the  element  polarization  differ*  from  one  array 
to  another.  The  radiation  pattern  and  the  polarization  of  the  multiple  planar  arrays  shown  In  Fig.  1 
were  calculated  for  both  cases.  Each  planar  array  Is  assumed  to  be  a  linear  array  In  the  direction  of 
the  xl-axls.  In  one  case,  the  elements  of  the  arrays  are  short  dipoles  lying  parallel  to  the  z-axis  and 
Eq.  (62)  was  used  to  calculate  the  array  pattern  function  of  the  composite  array.  In  another  case,  the 
elements  of  the  arrays  are  short  dipoles  lying  parallel  to  the  x^-axls  of  each  array  and  the  far  field 
components  Eg  and  Eq,  were  calculated  using  Eq.  (61).  Note  If  there  are  more  than  two  elements  along  the 
z'-axis,  the  only  modification  to  the  present  calculation  would  be  to  multiply  the  radiation  field  by  the 
factor  tzi  (0,  cp)  in  Eq.  (54).  It  Is  obvious  that  cp),ls  simply  the  array  factor  of  a  linear 

array  In  the  direction  of  the  z-axls. 

The  following  parameters  were  used: 

Aperture  length  along  x^-axls  -  10X 
Element  spacing  •  0.4  X 
Number  of  elements  of  each  array  ■  23 
(®o.  Vo)  -  (W°,  0°) 

Note  there  Is  no  element  at  either  end  of  each  aperture.  Figure  6  shows  the  array  pattern  function  vs. 
the  angle  cp  In  the  x-y  plane  for  multiple  arrays  of  vertical  dipoles  when  the  planar  arrays  1,  2  and  3 

In  Fig.  I  are  excited  simultaneously.  Figure  7a  shows  Ecp  vs.  the  angle  cp  in  the  x-y  plane  when  only 

the  planar  array  No.  1  Is  active.  Figure  7  b  shows  the  same  when  the  three  planar  arrays  1,  2  and  3 
are  active.  Note  the  Improvement  In  the  directivity  of  the  composite  array  by  having  three  active  planar 
arrays  as  compared  with  just  one  active  array.  The  half  power  beamwldth  1*  about  6°  In  Fig.  7a  anj 
about  2°  In  Fig.  7b.  The  more  Interesting  comparison  Is  batwaen  Fig.  7b  and  Fig.  7c,  which  shows  2<p  vs. 
cp  In  the  x-y  plane  for  a  conformal  array  of  76  equally  spaced  horizontal,  tangential,  short  dipoles  on 

the  arc  ABCD  (Fig.  1).  In  both  Figs.  7b  ar.d  7c,  the  half  power  beamwldth  Is  two  degrees  and  the  side- 

lobe  level  Is  -13  dB.  Patterns  were  also  calculated  for  the  conformal  array  and  the  multiple  planar 

arrays  for  scanning  angles  ip0  -  10°,  20°,  30°  in  the  x-y  plane.  In  all  Instances,  tha  bsamwldth  and  the 

sldelobe  level  are  the  same  at  In  Flga.  7b  and  7c,  It  Is,  therefore,  concluded  that  tha  performance  of  a 
conformal  array  on  a  cylindrical  surface  can  b*  closely  matched  by  a  small  number  of  multiple  planar 
arrays,  having  roughly  the  same  total  number  of  elements  and  occupying  roughly  the  same  space. 

So  far,  we  have  Ignored  the  other  component  Eg.  This  Is  because  Eg  »  0  in  the  x-y  plane 

(0  »  90°),  as  can  be  seen  from  Eq.  (61).  The  far  field  is  thus  horizontally  polarized  In  the  x-y  plane. 

The  cross  polarized  component  Eg  becomes  more  Important  at  large  elevation  angles  (smaller  0).  It  can 
also  be  seen  from  Eq.  (61)  that  Eg  is  always  in  phase  with  Ejp  if  f /  (0,  cp)  Is  real,  or  If  each  planar 
array  Is  symmetrical ly  excited  relative  to  the  array  center  element.  The  exact  value  of  the  cross 
polarized  field  ErP  depends  on  0,  cp,  0O  and  fp„  for  a  given  composite  array  and  can  be  calculated  from 
Eq .  (61).  For  example.  Fig.  8  shows  the  two  components  Eg  and  Etp  on  the  conical  surfaco  0  -  80°  for  the 
multiple  planar  arrays  used  In  calculating  Fig.  7b. 
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VII.  CONCLUSIONS 

It  has  been  demonstrated  that  the  radiation  characteristics  of  a  conformal  array  on  a  cylindri¬ 
cal  surface  can  be  closely  matched  by  a  number  of  planar  arrays  approximating  the  cylindrical  surface.  It 
is  expected  that  the  same  technique  will  be  applicable  to  many  other  types  of  conformal  surfaces.  The 
phase  setting  and  switching  problems  of  the  multiple  planar  arrays  are  considerably  simpler  than  those 
encountered  with  the  conventional  conformal  array.  As  a  result,  the  multiple  planar  arrays  would  have 
less  complicated  svitchlng  network  and  lower  losses  than  a  conventional  conformal  array.  It  is  also  worth 
noting  that  the  present  formulation  based  on  vector  decomposition  also  provides  a  very  efficient  numeric 
algorithm  for  calculating  the  far  field  of  many  complex  radiating  structures.  Using  this  approach,  the 
structures  are  broken  down  into  pieces  and  are  treated  as  arrays  of  elementary  radiators.  The  computation 
efficiency  of  the  present  approach  results  from  making  use  of  known  pattern  functions  of  elementary 
sources.  In  this  way,  the  time -consuming  numerical  integrations  and  differentiations  that  one  normally 
encounters  in  far  field  calculations  are  greatly  alleviated. 
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Figure  7.  Far  field  pattarna  of  the  multiple  arraya  of  Fig.  1,  horlaontal  dipole  caae.  (a)  Planar 
array  No.  2  la  active,  (b)  Planar  array*  1,  2,  3  are  active,  (c)  A  conformal  array  of 
76  active  eleaanta  on  the  arc  ABCD. 
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DISCUSSION 


S.  Cornbleet:  Would  not  the  application  of  the  constraint  of  having  a  single  polarization 
reduce  the  matrix  analysis  from  that  of  using  all  three  Euler  angles  to  two,  or  in  the 
case  of  the  simple  cylindrical  arrays  -one. 

J.K.  Hsiao;  I  do  not  think  that  polarization  has  anything  to  do  with  co-ordinate  system 
transformation.  Furthermore  due  to  the  different  orientations  of  the  many  elements,  in 
general,  a  conformal  array  Introduces  other  polarizations,  even  if  each  element  has  a  single 
polarization. 

R.H.J.  Cary:  What  are  the  advantages  of  the  octagonal  planar  array  system,  against  a 
conformal  cylindrical  array. 

J.K.  Hsiao;  For  a  very  large  cylindrical  array,  the  switching  of  radiating  power  between 
elements  Is  very  difficult  and  complicated.  By  the  use  of  a  few  planar  arrays,  this 
problem  can  be  avoided. 
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Summary 

A  new  configuration  of  periodically  modulated  traveling-wave  tri-plate  antennas  has  been 
developed.  The  physical  complexity  of  this  new  configuration  implies  that  sufficiently 
accurate  design  data  are  extremely  difficult  to  predict  by  any  known  analytical  methods. 

Three  different  measuring  methods  to  achieve  experimental  design  data  are  discussed.  The 
far-field  method,  which  has  been  further  developed  during  this  investigation,  the  near¬ 
field  method,  and  the  insertion  loss  mathod.  The  most  appropriate  combination  of  the 
three  methods  is  used  to  find  the  design  data.  An  X-band  antenna  array  is  designed  and 
discussed.  The  new  structure  is  mechanically  simple,  it  has  good  impedance  characteri¬ 
stics,  allows  good  control  of  the  aperture  illumination,  and  radiates  a  linear  polarized 
field  with  a  very  low  cross-polarized  component. 


Introduction 

Reducing  size,  weight,  and  physical  complexity  of  antennas  with  large  radiating  apertures 
is  an  important  objective  in  antenna  engineering.  Another  essential  factor  can  be  the 
ease  with  which  the  antenna  structure  can  be  built  to  fit  curved  contours  such  as  the 
fuselage  of  airplanes. 

The  stripline  antennas  might  contribute  to  achieve  these  things. 

A  new  configuration  of  a  periodically  modulated  traveling  wave  stripline  antenna  is  de¬ 
scribed.  The  physical  complexity  of  this  configuration  implies  that  sufficiently  accurate 
design  data  are  extremely  difficult  to  predict  by  any  known  analytical  methods  for  which 
reason  it  is  important  to  develop  experimental  measurement  methods.  Design  data  are 
extracted  from  the  measured  results,  and  an  X-band  antenna  array  formed  by  line  source 
radiating  elements  is  designed. 

Radiating  Structure 

Different  periodically  modulated  structures  have  been  investigated  to  find  a  structure 
with  the  following  features: 

-  The  power  radiated  per  unit  length  should  be  sufficient  to  allow  .  low  power  waste  in 
the  load. 

-  The  radiated  field  should  be  linear  polarized  with  a  low  cross-polarized  component. 

-  The  attenuation  factor  should  be  frequency  independent  to  allow  frequency  scanning. 

-  The  configuration  should  be  compact. 

The  structure  chosen  which  will  be  dealt  with  in  the  following  is  a  tri-plate  antenna  with 


Measurement  Methods 

The  traveling  wave  guided  by  a  periodic  structure  is,  in  its  fast  wave  region,  character¬ 
ized  by  a  complex  propagation  constant  y  -  a+jp,  composed  of  attenuation  constant  a  and 
phase  constant  8.  The  value  of  these  two  real  constants  must  be  known  before  a  line 
source  of  optinum  radiation  characteristics  can  be  designed. 
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The  following  three  different  methods  of  measuring  a  and  B  are  discussed: 

1)  The  far-field  method  (Jacobsen  J. ,  1970) 

2)  The  near-field  method  (Jacobsen  J. ,  1970) 

3)  The  insertion  loss  method  (Montgomery  C.G. ,  1948) 

The  Test  Structures:  . 

The  value  of  the  attenuation  constant  is  a  function  of  the  centerstrip  inclination  angle  ♦ 
(fig.  2) . 


Period  Length 


Fig.  2. 

A  section  of  a  zigzag  strip 
with  the  period  length  d, 
and  the  inclination  angle  $ . 


Various  test  structures,  each  having  a  constant  inclination  angle,  have  been  designed  for 
measurements  in  the  X-band.  The  test  structures  are  about  ten  wavelengths  long  and  mounted 
with  SMA  connectors  at  both  ends. 


The  Far-field  Method: 


The  guided  wave  launched  at  the  exitation  at  one  end  of  the  structure  is, as  far  as  the 
structure  is  terminated  by  a  short  circuit,  composed  of  an  incident  and  a  reflected  tra¬ 
veling-wave.  Each  wave  produces  a  single  mainbeam.  The  ratio  between  the  two  mainbeams  is 
equal  to  the  attenuation  of  the  guided  wave  over  the  total  length  of  the  structure.  If 
this  ratio  is  A  dB  then  the  attenuation  constant  is  determined  by  Eq(l)  (Jacobsen  J.,  1970) 

A  -  20  log  exp  (-aL)  (1) 

where  L  is  thr'  length  of  the  structure. 


The  angle  between  the  two  mainlobes  is  twice  the  squint  angle  and  this  relation  is  used 
to  determine  the  phase  constant  6  Eg(2)  (Jacobsen  J.,  1970). 


6  «  K  sine 
o  m 

where  0  ■  squint  angle. 

A  typical  radiation  pattern  is  shown  in  fig.  3. 
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Fig.  3. 

H-Plane  Radiation  Pattern 
of  a  tri-plate  test 
structure. 

Inclination  angle  *  •*  10° 
Frequency  11.4  GHz. 


Degrees  from  broadside 
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If  the  attenuation  constant  is  so  high  that  sidelobes  associated  with  the  incident  wave 
will  have  essential  influence  on  the  level  of  the  mainbeam  associated  with  the  reflected 
wave  then  the  far-field  method  described  by  Jacobsen  J.  fails.  The  far-field  method  used 
in  this  investigation  has  been  improved.  The  short  circuit  termination  is  replaced  by  a 
movable  short  circuit.  This  short  circuit  can  shift  the  phase  of  the  reflected  mainbeam 
relative  to  the  radiation  pattern  from  the  incident  wave.  Sum  and  difference  pattern  is 
achieved  by  moving  the  short  circuit  and  the  reflected  mainbeam  level  can  be  calculated. 

The  Near-field  Method: 

If  the  attenuation  constant  is  ao  high  that  even  the  improved  far-field  method  fails  then 
the  attenuation  constant  and  the  phase  constant  can  be  determined  by  the  near-field  me¬ 
thod.  Only  the  attenuation  constant  has  in  this  investigation  been  measured  by  the  near¬ 
field  method.  The  phase  constant  or  the  squint  angle  can  be  measured  by  the  far-field 
method  even  for  high  figures  of  attenuation. 

The  attenuation  per  unit  length  is  constant  for  constant  inclination  angle  which  means 
that  the  incident  wave  will  decay  exponentially  from  the  exitation  point.  The  field  is 
measured  at  discrete  points  along  the  structure,  the  measurement  distance  from  the  struc¬ 
ture  to  the  probe  is  about  5  mm  (determined  by  experiments).  The  measured  attenuation 
points  are  fitted  with  a  straight  line  and  the  attenuation  constant  is  determined  from 
the  slope  of  this.  A  typical  result  is  shown  in  fig.  4. 
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Fig.  4. 

The  measured  field  points 
along  the  structure. 

The  inclination  angle 
♦  *  70° ,  the  frequency  ■ 
10.2  GHz. 


Distance  from  exitation  point  [cm] 

The  method  is  more  inaccurate  than  the  far-field  method  and  considerably  more  tedious. 
Insertion  Loss: 

This  method  ie  old  and  well  known  but  will  only  give  the  attenuation  constant  and  can 
therefore  not  be  used  alone. 

Tn^^f,iirfd^feSUltS  fr2m,.the,test  structures  have  been  prepared  and  plotted  in  k-& 
fig  5a-b  dia9rams  and  k-a  diagrams,  and  design  curves  have  been  extracted  from  these, 

Design  curves  for  tri-plate  line  source  antennas.  Frequency  IQ. 5  GHz,  squint  angle  4  -  50. 
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Fig.  5a. 

Period  length  for 
constant  phase  in- 
cremention  for  the 
tri-plate  antenna. 


Inclination  angle  4  [degrees] 


3-4 


c 

o 

•w 

■M 

m 

a 

c 

0) 


4J 

< 


Fig.  5b. 

Attenuation 
characteristic  of 
the  tri-plate 
antenna 


Inclination  angle  $  [degrees] 


X-Band  Ar.tenna  Array 

An  X-band  antenna  array  composed  of  eight  periodically  ;nodulated  line  sources  has  been 
designed.  The  amplitude  distribution  on  each  line  source  has  been  shaped  to  obtain  low 
sidelobes  and  the  attenuation  constant  along  the  line  source  is  computed  from  the  re¬ 
lation  Eq(3)  (Rotman  and  Karas,  1959)  . 

2o(z)  *  —■= - - - ts -  [Nepers/unit  length!  (3) 

/  A 2dz  +  h2dz 
A  dz  +  P (0)  -P  (L)  y'  A  az 

where  a  «  attenuation  constant 

z  «  distance  from  load  along  the  line  source 
A  =  amplitude  distribution 
P(L)  «  power  dissipated  in  load 
P (0)  -  power  at  input 

The  value  of  the  inclination  angle  4  corresponding  to  the  attenuation  constant  a  is 
found  in  the  design  curve  fig.  5b. 

Each  element  is  terminated  by  a  tapered  resistance  card  load. 

The  feed  system  for  the  array  is  a  T-junction  power  divider  designed  to  deliver  equal 
power  and  phase  signals  to  each  line  source.  A  radome  covers  the  antenna  aperture. 

Examples  of  an  VSWR  plot  are  shown  in  fig.  6,  and  H-  and  E-plan  radiation  patterns  in 
figs  7  and  8. 
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— -  calculated  pattern 

- -  measured  pattern 

The  radiation  pa tterim agree  well  with  the  predicted  patterns,  and  the  VSWR  plot  shows  very 
good  impedance  characteristic. 

Conclusion 

A  new  microwave  line  source  configuration  with  excellent  properties  has  been  introduced. 
The  design  data  for  this  structure  have  been  achieved  by  using  the  improved  far-field 
measurement  method  supplemented  at  extremely  high  attenuation  constant  by  the  near-field 
and  the  insertion  loss  methods. 

The  X-band  antenna  array  predicted  from  the  design  curves  shows  that  the  predicted  and 
measured  performances  agree  very  well.  The  cross-polarized  component  is  at  least  30  dB 
below  the  level  of  the  principal  field. 

The  very  accurate  control  of  the  field  amplitude  as  well  as  the  phase  along  the  aperture 
of  the  line  source  will  make  this  structure  very  suitable  for  design  of  shaped  beam  an¬ 
tennas.  Furthermore  the  broad-band  impedance  and  radiation  pattern  characteristic  are 
properties  necessary  for  frequency  scanning  antennas. 

Further  results  are  hoped  to  be  ready  before  the  oral  presentation. 
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DI3CUS8im 


A.  BRUNNER:  You  showed  the  frequency  bandwidth  In  respect  to  the^lmpedanoe.  Can  you 
tell  ua  florae thing  about  the  frequency  dependence  of  the  sldslobes?  In  which  frequency 
bandwidth  can  you  for  instance  hold  •  sidelobe.  level  «f  say  ?OdB? 

P.  1AURSEN:  The  first  sidelobe  level  was  designed  to  be  l8dB  and  the  measurement  value 
was  shown  to  be  nearly  15dB.  The  antenna  radiation  has  been  measured  through  the  band  from 
9  QHz  to  12  GHz.  The  sidelobe  level  which  was  measured  to  be  15dB  at  the  design  frequency 
did  not  rise  above  1UdB  within  the  9-12  QHz  band. 

J.R.IIARK:  We  have  developed  a  very  similar  antenna.  It  differs  in  that  the  central 
conductor  follows  a  "sinusoidally"  perturbed  path  and  the  slot  in  this  case  was  of  variable 
width.  What  width  slot  was  used  in  your  antenna  and  was  its  width  constant. 

P.  LAURSEN:  The  slot  width  of  thedescrioed  model  was  constant  and  equal  to  about  0.1  cm. 

J.  THHAVES •'  Would  you  indicate  the  type  of  radome  that  you  used?  How  far  away  from 
the  aerial  was  it?  Did  it  affect  the  attenuation  end  phase  change  along  the  array?  Was  the 
spacing  critical? 

F.  LAURSBN:  The  radome  used  for  the  tntenna  Is  a  5  cm.  thick  PPC  foam  block  *1.05 
coveed  by'a  O.J  mm.  thick  glass  reinforced  polyster  skin. 

It  does  not  influence  the  attenuation  nor  the  phase  constants,  and  the  spacing  was  not 
found  to  be  critical. 

J.  JACOBSEN:  1.  Dielectric  losses  are  important  for  the  efficiency.  In  the  actual 
antenna  the  dielectric  losses  plus  copper  losses  amounts  to  approximately  2dB. 

2.  If  the  antenna  is  covered  by  a  dielectric  layer  (radome)  this  effeots  the  phase 
constant  and  the  leakage  rate.  However  this  could  be  taken  into  account  in  the  design. 

P.  LAUK8B1:  The  relation  between  the  two  main  loss  factors,  conductor  and  dielectric 

is:  - 

oond  jtor  *  30$,  dielectric  70% 

J._SNI£!DER:  What  is  the  efficiency  of  tht-  radiating  structure?  How  much  power  is 
aosoFBeZPTii  IEe  terminating  load? 

P.  LAUKTEN:  The  radiating  structure  which  is  nearly  25  cm.  long  does  have  a  residual 
power  at  the  load  of  between  10-15$. 

This  oan  be  achieved  even  for  shorter  structures  if  the  longitudinal  slot  in  the  top 
plate  is  widened. 

R.H. J .  CARY:  Have  you  a  comment  on  tempers tlvo  effects  on  the  performance  of  the 
antenna~due  to  changes  of  attenuation  ana  dielectric  constant? 

F.  LaURgEN;  The  only  change  in  antenna  performance  due  to  changes  of  temperative  is  a 
email  change”!  the  loss  in  the  structure  (conductor  and  dielectric).  For  the  material  used 
this  change  is  very  small. 
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SUMMARY 

Consideration  is  given  to  several  antenna  types  which  are  suitable  for  use  in  airborne  radars,  and 
their  advantages  and  disadvantages  discussed.  Several  important  antenna  properties  are  efficiency,  side- 

lobe  level,  scanning  rate,  weight,  cost,  etc.  In  this  paper  the  emphasis  is  concentrated  on  methods  which 

give  a  high  antenna  efficiency,  whilst  trying  to  maintain  as  many  of  the  other  properties  as  possible. 

An  experimental  Cassegrain  antenns  has  been  designed  and  built.  This  employs  energy  redistribution 
techniques  to  give  a  high  antenna  efficiency,  whilst  retaining  a  reasonable  sldelobe  level.  A  measured 
efficiency  of  70%  was  obtained  at  the  design  frequency,  which  only  dropped  to  63%  at  900  MHz  above  design 
frequency.  The  antenna  gave  good  sum  and  difference  patterns  over  a  2  GHz  band  in  X-band. 


1.  INTRODUCTION. 

There  are  several  different  types  of  antenna  which  are  suitable  for  use  with  airborne  radars.  These 
types  each  have  their  own  advantages  and  disadvantages,  which  will  depend  to  some  extent  on  the  role  of  the 
radar.  The  main  roles  are  Airborne  Interception,  Ground  Mapping,  Terrain  Avoidance  and  Terrain  Following. 
In  all  these  cases  there  will  be  a  requirement  for  high  efficiency  and  for  low  sidelobe  level,  combined 
with  the  need  to  scan  the  antenna  beam,  either  electrically  or  mechanically,  in  one  or  two  planes. 

Let  us  consider  the  attributes  of  the  different  types  of  antennas.  Those  described  here  range  from 
relatively  simple  antennas  to  much  more  sophisticated  and  expensive  ones,  the  list;  is  not  intended  to  be 
comprehensive  but  rather  to  illustrate  and  compare  representative  types. 

i)  Front-Fed  Reflector  Antenna. 

This  is  the  simplest  and  cheapest  of  the  antenna  typea  under  consideration.  The  feed  may  consist  of 
a  single  channel,  e.g.  in  a  weather  radar,  or  may  have  multiple  apertures  giving  monopulse  operation  in  one 
or  two  planes.  The  use  of  a  front-feed  with  single-plane  monopulse  will  give  good  performance  when  the 
split  is  in  the  E-plane  of  the  aperture.  Splitting  in  the  H-plane  will  generally  be  much  less  efficient 
unless  a  multimode  feed  is  used,  or  the  antenna  employs  phase  comparison  between  two  halves  of  the  aperture 
which  are  Independently  illuminated  by  the  two  halves  of  the  feed.  These  comments  also  apply  to  the  case 
of  the  two-plane  moropulse  system.  The  use  of  a  multimode  feed  for  a  front-fed  reflector  will  tend  to 
Increase  the  size  and  complexity  of  the  feed.  This  will  add  to  the  aperture  blockage,  thus  degrading 
the  efficiency  and  sidelobe  levels.  The  increased  weight  forward  of  the  mounting  points  will  require 
the  use  of  stronger  feed  supports,  thus  increasing  the  weight  and  inertia  of  the  antenna.  It  is  possible 
that  in  some  cases,  an  offset  feed  can  be  used,  thus  eliminating  the  blockage  and  easing  the  feed  mounting 
problems.  However,  whilst  this  solution  is  available  in  ground-based  radars,  most  airborne  radar  environ¬ 
ments  preclude  this  solution. 

A  front-fed  antenna  with  a  single-plane  simple  monopulse  fed  can  give  an  efficiency  of  the  order  of 
30-33%,  with  a  sidelobe  level  not  worse  than  20  dB.  A  typical  bandwidth  will  be  at  least  10%,  The  use 
of  a  multimode  feed  will  give  monopulse  operation  in  both  planes,  and  probably  increase  the  antenna  effi¬ 
ciency  slightly  at  the  centre  of  the  frequency  band,  because  of  the  lower  spillover  achievable  with  this 
type  of  feed.  It  will  however  have  a  lower  bandwidth  because  of  dephsslng  between  the  modes  in  the  feed. 
The  intermediate  stage  of  a  feed  supporting  a  single  sum  mode  and  a  single  difference  mode  will  behave 
more  like  the  simpler  feed,  whilst  giving  the  ability  to  track  in  both  planes. 

ii)  Cassegrain  Antenna. 

Under  this  section,  the  Cassegrain  antenna  will  be  considered  to  be  the  normal  one  with  a  parabolic 
main  reflector  and  a  hyperbolic  subreflector.  The  two  main  types  are  those  with  conventional  sietsl 
reflecting  surfaces,  such  as  the  minimum  blockage  Cassegrain,  and  those  with  a  polarisation  twisting  asin 
reflector  and  grldded  subreflector.  The  former  type  has  a  blockage  level  which  is  very  high  for  the 
small  antennas  normally  used  in  airborne  radar,  with  a  diameter  up  to  say  1  metre,  whereas  for  large 
antennas  such  as  are  used  for  satellite  communications,  the  blockage  is  relatively  small.  On  the  ether 
hand,  the  polarisation  twisting  reflector  is  a  relatively  complicated  structure  and  needs  to  be  manu¬ 
factured  to  a  high  degree  of  accuracy.  This  manufacture  can  be  achieved  without  too  much  difficulty  for 
small  reflectors,  where  wire  grids  can  be  layed  up  directly  on  the  reflector  surface.  For  larger 
reflectors,  this  technique  soon  becomes  impractical,  and  resort  must  be  made  to  the  use  of  wires  embedded 
in  fibreglass  cloth,  or  similar  material,  which  must  be  specially  produced  to  give  the  desired  wire  spacing. 
Thus  there  is  a  fairly  well  marked  dividing  line  between  the  use  of  twisting  Cassegrains  for  small  antennas, 
and  the  use  of  conventional  surfaces  for  larger  antennas.  This  will  occur  around  metres  disaster 
at  X-band. 

The  main  advantages  of  the  Cassegrain  antenna  are  that  the  feed  projects  through  the  reflector  from 
the  rear,  and  that  the  main  reflector  may  have  a  longer  focal  length  because  of  the  uee  of  the  two  reflector 
system.  The  rear  feed  cuts  down  the  amount  of  feed  blockage  to  that  of  the  feed  aperture,  since  there  is 
no  blockage  from  a  cupport  structure.  The  comparator  structure  for  obtaining  the  sum  and  difference 
signals  may  be  situated  either  in  the  feed  stem,  or  conveniently  folded  back  along  the  rear  surface  of  the 
main  reflector.  This  also  reduces  the  inertia  of  the  antenns  since  the  inertia  of  the  subreflector  and 
its  supports  will  normally  be  less  than  that  of  a  front  feed,  and  will  certainly  be  less  for  antennas  of 
equivalent  focal  length.  The  longer  focal  length  available  means  thnt  the  antenna  say  be  designed  to 
have  a  low  level  of  cross-polarisation,  again  improving  the  efficiency. 

The  oomments  in  the  earlier  section  on  the  use  of  simple  or  multimode  feeds  apply  equally  to  the 
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Cassegrain  antenna.  The  full  multimode  feed  will  give  a  better  efficiency,  and  considerably  improve  the 
difference  patterns. 

The  efficiency  of  a  twisting  Cassegrain  will  generally  be  slightly  higher  than  the  comparable  front- 
-fed  antenna.  The  bandwidth  will  usually  be  limited  by  the  design  of  the  twist-reflector  (except  when 
a  multimode  feed  is  used,  in  which  case  this  will  probably  limit  the  bandwidth),  being  dictated  by  the 
acceptable  level  of  croBS-polarisatlon  due  to  imperfect  twisting.  This  cross-polarisation  will  normally 
show  up  in  the  direction  of  the  main  beam,  rather  than  in  the  43  degree  planes  where  the  normal  reflector 
cross-polarisation  is  at  its  maximum.  The  efficiency  of  a  small  Cassegrain  with  normal  reflecting 
surfaces  will  generally  be  too  low  to  be  acceptable,  whilst  the  sldelobe  level  will  suffer  even  more  from 
blockage  than  the  efficiency. 

ili)Hlgh  Efficiency  Cassegrain  Antenna. 

The  conventional  Cassegrain  antenna  uses  the  classical  reflector  shapes  to  satisfy  the  conditions 
which  give  a  plane  wavefront  in  the  radiating  aperture  of  the  antenna.  There  is  however  an  infinite 
family  of  surfaces  which  satisfy  these  conditions.  By  using  the  extra  freedom  of  choice  which  this  range 
gives,  the  designer  may,  within  reason,  produce  almost  any  desired  amplitude  distribution  in  the  radiating 
aperture,  whilst  retaining  the  plane  wavefront.  This  process  has  been  used  (1),  (2)  mostly  for  large 
satellite  communications  antennas,  where  an  uniform  amplitude  distribution  is  desirable.  In  a  later 
section  of  this  paper,  an  experimental  antenna  is  described  which  uses  these  techniques  to  produce  an 
illumination  more  suitable  for  a  radar  antenna.  This  antenna  has  good  radiation  patterns  in  both  sum 
and  difference  channels,  with  a  measured  efficiency  of  70%  at  the  design  frequency.  This  Is  a  considerable 
Improvement  on  the  conventional  Cassegrain. 

iv)Flat  Plate  Antenna. 

This  antenna  consists  of  a  flat  radiating  surface  which  contains  a  large  number  of  radiating  slots. 

In  a  typical  antenna  the  slots  are  cut  in  the  broad  faces  of  waveguides  running  in  the  plane  of  the  aperture, 
the  slots  being  separated  by  half  a  guide  wavelength  and  displaced  on  alternating  Bides  of  the  centreline', 
so  that  they  radiate  in  phase.  These  waveguides  will  have  some  form  of  feeder  network,  which  distributes 
the  power  to  the  waveguides.  In  many  cases,  the  waveguides  will  be  split  in  the  centre  by  a  short  circuit 
so  that  the  two  half -waveguides  can  give  monopulse  information. 

The  amplitude  distribution  of  this  antenna  is  determined  by  the  displacements  of  the  slots.  As  with 
the  high-efficiency  Cassegrain,  there  is  considerable  scope  for  choice  of  a  suitable  illumination,  such  as 
a  Taylor  distribution.  The  feed  network  can  be  designed  to  have  a  fairly  low  loss,  so  that  an  efficiency 
of  the  order  of  80%  can  be  achieved  at  the  centre  of  the  frequency  band. 

For  all  except  the  very  smallest  flat  plate  antennas,  the  bandwidth  is  limited  by  the  length  of  the 
slotted  waveguides,  as  with  the  design  of  any  other  resonant  array.  This  can  be  alleviated  by  subdividing 
the  lengths  of  waveguide,  and  feeding  them  separately  from  a  complex  feeder  network.  A  20  slot  antenna, 
with  central  short  circuits,  will  have  a  bandwidth  of  about  3%.  The  bandwidth  varies  inversely  with  the 
number  of  slots,  but  can  be  improved  by  further  subdivision  with  short  circuits. 

The  efficiency  of  the  antenna  at  the  edge  of  the  frequency  band  will  be  down  considerably  on  the 
central  efficiency,  to  say  63%.  However,  because  the  flat-plate  antenna  has  very  little  depth  (an  X-band 
antenna  may  be  2}  to  9  cm.  thick,  including  feeders  and  comparators),  it  will  normally  be  possible  to 
install  a  larger  diameter  of  flat-plate  than  of  CaBsegraln  in  a  given  swept  volume.  Thus  for  a  given 
available  swept  volume,  the  gain  of  a  flat-plate  antenna  may  be  significantly  higher  than  a  Cassegrain 
antenna,  even  at  the  edge  of  the  frequency  band. 

The  main  disadvantages  of  the  flat-plate  antenna  are  the  low  bandwidth,  high  cost,  and  difficulty 
of  manufacture.  The  antenna,  whether  made  from  waveguides  or  sheet  metal,  must  be  made  to  waveguide 
tolerances,  and  Joints  must  be  well  made,  often  in  difficult  positions,  so  that  there  is  no  high-power 
breakdown  or  leakage,  and  minimum  gas  leakage  if  the  antenna  la  pressurised, 

v)Phased  array  antenna. 

The  phased  array  antenna,  which  has  been  a  subject  of  considerable  interest  in  recent  years  may  be 
considered  to  be  in  a  different  class  from  the  other  antennas  discussed  in  this  section,  since  its  scan 
rate  is  several  orders  of  magnitude  faster  than  mechanically  scanned  antennas,  whilst  its  gain  la 
considerably  lower. 

There  are  two  main  types  of  phased  arrays;  those  where  the  amplitude  distribution  is  provided  by 
some  form  of  power  divider  network,  and  the  phase  shifters  are  transmission  units,  and  those  which  are 
illuminated  in  the  aame  way  as  a  front-fed  reflector,  and  use  short-circuited  phase  shifters  to  reflect 
the  energy  so  that  it  may  be  re-radiated. 

With  the  conventional  type  of  phased  array,  the  use  of  a  feeder  network  gives  scope  for  choice  of 
amplitude  di atribut ion .  The  feeder  network  is  likely  to  be  very  complicated,  especially  if  two-plane 
scanning  ia  required.  However,  for  many  applications,  it  may  be  sufficient  to  use  high-speed  scanning 
in  one  plane,  and  mechanical  scanning  in  the  other  plane,  giving  a  raster  scan.  In  this  case  a  much 
simpler  feeder  network  esn  be  used,  with  distribution  in  the  other  plane  by  means  of  conventional  arraya. 

This  type  of  antenna  has  considerable  loss  of  power  in  both  the  feeder  network  and  the  phase  shifter 
elements,  these  being  typically  at  least  I  dB  each.  After  aperture  efficiency  and  other  losses  have 
been  included,  the  total  antenna  efficiency  may  be  of  the  order  of  30%, 

The  reflect  array  may  well  be  a  bettor  antenna  when  phase  scanning  is  required  in  both  planes,  A 
multimode  feed  can  be  used  to  illuminate  the  array,  thus  minimising  spillover  loss.  There  is  not  much 
scope  for  choosing  an  efficient  amplitude  distribution,  so  that  the  overall  efficiency  will  be  considerably 
influenced  by  a  low  aporturo  efficiency.  The  phaso  shiftor  loss  will  again  be  at  least  i  dB,  at  the 
present  state  of  technology,  so  that  an  overall  efficiency  of  about  30%  may  again  be  typical. 

This  antenna  baa  the  advantage  that  it  does  not  require  a  complicated  and  expensive  feeder  network, 
so  that  the  cost  may  be  significantly  less  than  a  comparable  transmission  array,  although  considerably 
more  expensive  than  the  other  antenna  typos  considered.  The  presence  of  the  front-feed  does  not  have 
the  same  disadvantages  as  with  the  front-fed  reflector,  since  it  fits  conveniently  within  radomes  because 
the  antenna  is  fixed,  and  the  need  to  minimise  antenna  inertia  no  longer  applies. 

Although  the  phased  arrays  considered  hnve  efficiencies  3  or  4  dB  down  on  the  best  antennas 
described  earlier,  tho  extremely  high  scanning  rate  may  give  sufficient  systems  advantage  to  outweigh 
tho  low  gain.  Thus  the  phased  array,  in  its  present  state  of  development,  does  not  qualify  as  a  high 
efficiency  antenna.  Nevertheless,  it  is  interesting  to  speculate  what  the  future  may  hold  for  it. 


HIGH  EFFICIENCY  CASSEGRAIN  ANTENNAS. 


i)  Reflector  Design. 

The  conventional  Cassegrain  antenna  uses  the  classical  reflector  shapes  (parabolic  main  reflector  and 
hyperbolic  pub-ref  lector )  to  produce  a  plane  wavefront  in  the  radiating  aperture,  by  ensuring  that  the 
path  lengths  from  the  phase  centre  of  the  feed  to  all  points  of  the  radiating  aperture  are  equal.  These 
reflector  shapes  are  part  of  an  infinity  of  surfaces  which  satisfy  this  condition.  Tills  gives  an  extra 
degree  of  freedom  which  is  used  to  produce  an  arbitrary  distribution. 

This  extra  freedom  has  been  used  by  Williams  (1)  and  Claydon  (2)  to  produce  designs  where  the  feed 
illumination  has  been  converted  to  give  an  uniform mspli tude  distribution.  This  procedure  has  generally 
been  applied  to  cases  with  large  reflectors,  using  a  minimum  blockage  sub-reflector  and  a  single  channel 
feed.  Two  designs  are  described  in  this  paper  which  extend  this  procedure  to  produce  an  Illumination 
more  suitable  for  a  radar  antenna.  The  distribution  used  is  a  raised  cosine- squared  distribution  with 
an  edge  taper  of  14i  dB,  which  has  a  theoretical  aporture  efficiency  of  89%,  and  sidelobe  level  of  27  dB. 
This  distribution  is  virtually  identical  to  a  27  dB  Taylor  distribution  for  a  circular  aperture. 

The  mechanism  for  the  energy  redistribution  may  be  seen  by  reference  to  figure  1.  The  shape  of 

the  sub-reflector  tends  to  be  more  sharply  curved  than  usual  in  its  central  area,  bending  round  to  a 
much  flatter  profile  at  the  edge.  As  a  result  some  of  the  energy  from  the  central  part  of  the  feed 
pattern  is  forced  to  the  outer  part  of  the  aperture.  This  process  is  even  more  marked  when  an  uniform 
distribution  is  being  produced. 

Referring  again  to  figure  1  for  the  appropriate  symbols,  the  relevant  equations  are 


dr/d0  =  r  tan  i  (fl+d)  (1  ) 

dy/dx  =  -  tan  id  (2) 

r  =  C  +  y-  (x-r  sin8  )/sin  i  (3) 

where  C  is  a  constant 

dx/d$  =  A  f(6)  aln8/(x  f(x)>  (4) 


where  F(8)  is  the  radiation  pattern  of  the  feed,  f(x)  is  the  desired  amplitude  distribution  and 

j  rax  f  ( x  )  dx 

«  _  _ _ _ _ 


I  mF(0)  sin8  dfl 
—  o 

is  the  constant  which  ensures  conservation  of  energy. 

Equations  (1)  and  (2)  are  the  conditions  for  optical  reflection  at  the  surfaces  of  the  two  reflectors, 
equation  (3)  Is  the  condition  for  equal  lengths  along  all  paths  form  the  feed  phase  contre  to  the  radiating 
aperture  plane  (taken  for  mathematical  simplicity  as  the  plane  through  the  vortex  of  the  main  reflector) 
and  equation  (4)  is  the  condition  that  the  energy  in  a  section  of  the  aperture  is  equal  to  the  energy  in 
the  corresponding  section  of  the  feed  pattern,  the  constant  A  ensuring  that  the  total  energy  in  the  radiating 
aperture  is  equal  to  the  total  energy  in  that  part  of  the  feed  pattern  which  is  used. 

The  feed  is  a  multimode  horn,  with  uniform  illumination  in  the  E-plane  and  a  combination  of  HOI  and 
H03  modes  in  H-plane,  chosen  to  give  a  good  approximation  to  a  circularly  symmetrical  feed  pattern.  The 
E-plane  shape  of  the  pattern  la  used  for  the  function  F(0)  because  this  gives  a  simpler  mathematical 
representation  than  the  il-plano  shape.  A  large  feed  angle  has  been  chosen,  which  gives  a  large  subreflector, 
but  reduces  the  total  depth  of  the  antenna.  There  is  still  a  certain  amount  of  freedom  to  choose  the 
position  of  the  reflectors  and  the  feed.  The  feed  phase  centre  was  chosen  fairly  well  forward  of  the  main 
reflector  to  allow  spaco  for  the  moder  section  and  the  first  level  of  couplers  (the  second  level  can  be 
folded  hack  along  the  rear  surface  of  the  reflector  to  give  an  improved  package!.  With  all  these  factors 
specified,  the  subreflector  position  was  then  chosen,  from  examination  of  the  resultant  profiles,  to 
minimise  the  total  swept  volume  by  making  the  edges  of  the  main  and  subreflectors  equidistant  from  the  pro¬ 
posed  axis  of  rotation.  The  four  equations,  and  the  other  values  specified  as  above,  are  sufficient  to 
produce  the  reflector  profiles.  The  differential  oquutions  are  Bolved  numerically  on  a  computer,  using 
the  Runge-Kutta  technique.  Extensions  to  the  edges  of  the  reflector  profiles  were  calculated  using  a 
curve  fitting  technique.  These  were  used  to  produce  moulds  sufficiently  large  that  tho  reflectors  could 
hr*  manufactured  oversize,  and  then  cut  to  tho  required  sizo. 

ii)  Foed  Design. 

The  choice  of  suitable  ratios  of  modes,  and  ratios  of  aporture  dimensions  Is  based  on  the  results 
given  by  HannanO).  The  optimum  values  given  in  this  paper  are  for  the  simple  front-fed  reflector  of 
long  focal  length,  whore  tho  obliquity  factor  is  not  Included  in  the  theoretical  feed  pattern.  This  method 
gives  u  unique  relationship  between  the  reflector  size  and  the  optimum  feed  size.  This  uniqueness  is 
removed  for  tho  case  of  the  Cassegrain,  slnco  the  foed  angle  can  be  specified,  and  the  subreflector  is  then 
specified.  With  the  present  reflector  conditions,  there  is  also  further  freedom  to  choose  subreflector 
poaition  (this  is  not  available  in  the  simple  Cassegrain  when  the  feed  position  and  feed  angle  have  been 
chosen).  Tho  chosen  mode  ratio  itetweon  H03  and  HOI  of  0.4,  together  with  appropriate  rperture  dimensions 
gives  a  good  approximation  to  a  circularly  symmetrical  beam,  which  can  be  used  down  to  20  dB  below  the 
peak,  thus  giving  a  very  low  spillover  loss. 

Tin*  design  of  the  H-plane  moding  dl scont inul ty , to  give  this  aode  ratio,  used  an  extension  of  the 
method  described  by  Drabowitch  (4).  It  was  found  that  some  of  the  solutions,  after  initially  converging 
with  the  first  few  modes,  then  became  unstable  with  the  addition  of  extra  modes.  The  results  of  the 
stable  part  of  the  convergence  were  extrapolated  to  get  the  solutions.  Shortly  after  this  part  of  the 
feed  design  had  been  completed,  papers  weie  published  by  Hasterman  and  Clarricoats  (8)  and  Lee  et  al  (9) 
which  gave  explanations  for  this  phenomenon,  and  indicated  methods  of  solution  based  upon  careful  choice 
of  tlie  number  of  modes  used  in  the  various  waveguide  sections.  As  well  as  obtaining  the  appropriate 
mode  ratio,  the  phases  of  tin*  modes  were  obtained  from  the  computation. 

The  output  from  the  moder  liar  a  smaller  cross-section  than  the  required  aperture.  A  flare  section 

is  used  to  provldo  the  transition.  This  section  must  have  its  length  chuaen  so  that  the  H03  and  HOI 
modes  are  in  phase  at  the  aperture.  The  design  of  the  flsrn  was  deliberately  made  shorter  than  required, 
and  spacer  pieces  (with  the  same  cross-section  us  the  moder  end  of  the  flare)  Introduced  to  aake  up  the 
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length,  thus  enabling  the  correct  phasing  to  be  checked  experimentally. 

The  four  channels  from  the  modor  feed  through  two  level b  of  phase  shifters  and  in-line  3  dB  couplers 
to  give  signals  to  the  sum  channel  and  the  two  difference  channels.  This  gives  a  very  compact  comparator 
package,  with  the  first  level  in  the  feed  stem  forward  of  the  reflector  surface. 

ili)  Construction  Details. 

The  feed  stem  and  comparator  network  are  milled  from  solid  metal  with  covers  added  later.  The 
E-plane  3  dB  couplers  are  Double  Slot  Couplers  designed  at  Ferranti  by  Brown  and  Ashforth,  and  the  H-plane 
couplers  are  a  modified  version  of  the  Riblet  Coupler  to  allow  easier  machining.  The  flare  section  is 
separately  machined,  as  are  the  spacers,  and  dowelled  to  the  feed  stem  to  give  correct  alignment  at  the 
moder  discontinuity. 

The  main  reflector  is  a  twistref lector ,  built  to  a  corrected  Hannan  design.  This  was  laid  up  on 
the  mould,  using  fibreglass  honeycomb  for  the  core,  and  aluminium  tape  for  the  reflecting  surface.  A 
further  layer  of  honeycomb  was  bonded  to  the  rear  surface  to  give  extra  strength.  Experience  of  the 
completed  structure  indicated  that  this  was  probably  not  necessary,  and  that  a  fibreglass  skin  behind 
the  reflecting  surface  would  be  sufficient.  The  subreflector  is  of  A-sandwich  construction,  with  a  wire 

grid  embedded  in  the  skin  nearest  the  feed.  Metal  sub-reflector  supports  were  used  for  the  experimental 

antenna.  For  a  production  version,  a  dielectric  cone  would  be  used. 

The  weight  of  the  present  antenna  is  about  10  pounds.  With  the  removal  of  the  rear  layer  of 
fibreglass  honeycomb,  and  other  manufacturing  Improvements  such  as  the  use  of  thinner  walls  in  the  feed, 
a  weight  of  about  S  pounds  should  be  achieved. 

iv)  Experimental  Measurements  and  Results. 

Radiation  patterns  of  the  feed  were  measured  in  both  planes,  with  different  nunfcers  of  spacers 
between  the  feed  stem  and  the  flare.  Each  spacer  represented  an  extra  10  degrees  of  differential  phase 
between  the  HOI  and  H03  modes.  The  elevation  plane  pattern  (not  the  multimode  plane)  remained  unchanged, 
whilst  the  azimuth  plane  beamwidth  reached  a  maximum  value  when  the  two  modes  were  in  phase.  The  maximum 
beamwidth  was  achieved  with  a  spacer  setting  within  1  spacer  of  the  expected  value.  At  this  setting  the 
beamwidths  in  the  two  planes  were  equal,  and  the  beam  gave  a  good  approximation  to  circular  symmetry  and 
to  the  theoretical  shape.  This  setting  has  been  used  in  all  later  measurements  with  the  multimode  horn. 

The  twistref lector  was  initially  tested  by  front-feeding  it  with  a  simple  horn.  As  this  reflector 
is  a  good  approximation  to  a  paraboloid  for  most  of  its  radius,  this  gave  good  radiation  patterns  with 
twisted  polarisation,  with  a  low  level  of  untwisted  polarisation  over  the  desired  bandwidth,  indicating 
that  tne  twistref lector  was  well  centred  in  frequency. 

The  complete  Cassegrain  antenna  was  then  focussed  with  a  simple  horn  (of  the  same  beam  shape)  in 
place  of  the  multimode  horn.  After  focussing  with  the  simple  horn,  the  multimode  horn  was  substituted. 

It  was  found  that,  at  the  design  frequency  of  9.23GHz,  the  E-plane  and  H-plane  phase  centres  of  the 
feed  were  separated  by  about  2  cm.,  whilst  at  9.73  GHz,  the  phase  centres  were  coincident.  The  antenna 
was  focussod  so  that  the  feed  was  placed  midway  between  the  azimuth  plane  best  focus  and  the  elevation 
plane  best  focus.  No  attempt  has  yet  been  made  to  redesign  the  feed  to  make  the  phase  centres  coincide 
at  9.25  GHz. 

Gain  measurements  at  this  stage  gave  an  efficiency  only  Just  over  60%.  Investigation  of  this 
showed  that  the  aperture  illumination  cut  off  about  3  cm.  inside  the  edge  of  the  main  reflector.  This 
suggested  that  the  outer  edge  of  the  aubreflector  was  not  acting  as  a  true  reflector  because  the  wires 
at  the  edges  of  the  subreflector  were  not  seeing  short  circuited  terminations.  To  overcome  this,  a 
larger  subreflector  was  made,  taking  advantage  of  the  fact  that  the  moulding  tool  had  been  made  oversize. 

With  this  reflector  in  position  the  illumination  came  within  1  cm.  of  the  edge  of  the  main  reflector,  with 

the  diameter  of  the  subrefleotor  3  cm.  greater  than  the  original  one.  This  improvement  also  showed  when 
radiation  patterns  were  taken  of  the  sub-reflectors  illuminated  by  the  simple  horn.  The  patterns  with 
the  original  subreflector  cut  off  sharply  at  too  low  an  angle,  whereas  those  with  the  larger  subreflector 
gave  much  nearer  the  correct  angle.  These  radiation  patterns  showed  the  general  shape  of  the  desired 
illumination,  together  with  the  ripple  normally  associated  with  subreflector  patterns. 

After  refocussing  with  the  larger  sub-ref  lector ,  further  radiation  patterns  were  measured,  and  gain 
checks  made.  The  efficiency  at  9.23  GHz  was  now  up  to  70%  and  was  aa  high  as  65%  at  9.73  GHz  (with  the 

antenna  set  to  the  mean  focus  position  at  9.23  CBIz  ).  Figures  2-6  give  a  summary  of  the  results  from  the 

radiation  patterns  taken  at  0.23  GHz  Steps  from  8,5  to  10.73  GHz.  Tho  difference  channel  levels  have 
been  corrected  for  mismatch  loss,  since  the  feed  is  at  present  unmatched.  The  feed  at  present  has  a 
VSWR  ranging  up  to  2:1  in  the  sum  and  azimuth  difference  channels  (up  to  1.6:1  between  9  and  10  GHz), 
and  up  to  3:1  In  the  elevation  difference  channel.  The  levels  presented  in  the  diagrams  are  the  mean 
results  from  the  two  sides  of  the  patterns. 

Good  results  have  been  obtained  over  the  whole  measured  frequency  hand,  with  sum  sidelobes  better 
than  20  dB  over  most  of  the  band.  The  azimuth  difference  patterns  (generated  by  the  H02  mode  in  the 
feed)  show  the  high  level  to  be  expected  from  the  optimised  difference  pattern,  and  the  elevation  difference 
pattern  is  at  the  level  consistent  with  a  normal  E-plane  split.  The  low  3  dB  beamwidths  Indicate  the 
high  efficiency  achieved  in  the  design.  The  results  are  best  in  the  region  of  9.76  GHz,  indicating  that 
the  movement  of  the  horn  phase  centres  is  probably  the  most  significant  factor  affecting  the  bandwidth 
of  the  antenna. 

Wide  angle  radiation  patterns  have  been  measured  at  B.73  GHz.  The  far  out  sidelobe  level  (from 
40  to  180  degrees  each  side  of  the  main  beam)  was  better  than  52  dB  down  in  both  planes,  for  normal  and 
cross  polarisation.  This  level  was  achieved  without  recourse  to  the  standard  methods  for  reducing  the 
effects  of  spillover,  and  is  also  soaewhat  aggravated  by  the  use  of  metal  struts  to  support  the  subreflector. 
The  use  of  a  dielectric  cone  to  support  the  subreflector,  and  of  spillover  suppression  should  reduce  the 
far  out  sidelobe  level  to  60  dB  down  on  the  main  beam.  The  highest  measured  cross-polarisation  in  the 
principal  planes  was  30  dB  down  on  the  correct  polarisation. 

v)  Improvement  of  Efficiency  of  an  Existing  Cassegrain  Antenna. 

A  set  of  reflectors  was  designed  for  an  existing  Cassegrain  antenna  so  that  a  test  could  be  asde 
to  check  how  much  improvement  of  efficiency  can  be  achieved  by  the  use  of  specially  shaped  reflectors. 

The  existing  feed  was  retained,  but  was  allowed  axial  movement  during  the  design  process.  Various  sets 
of  reflector  profiles  were  tried,  with  the  ala  of  retaining  the  existing  main  reflector  if  possible.  A 
design  was  reached  where  the  main  reflector  could  be  retained  without  introducing  an  unacceptable  level 
of  phase  error.  A  new  subreflector  was  manufactured  to  the  chosen  profile,  using  an  oversize  diameter 
as  described  in  the  previous  section.  The  antenna  has  a  twisting  main  reflector  and  gridded  subreflector. 
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The  antenna  diameter  is  48  cm. 

Gain  measurements  were  made  for  the  existing  antenna.  The  new  subreflector  was  then  introduced, 

and  the  antenna  focussed  with  the  feed  in  its  new  position.  Good  radiation  patterns  were  obtained.  The 

stdelobe  levels  were  higher  than  with  the  original  antenna,  this  being  consistent  with  the  use  of  a 
best-fit  paraboloid  instead  of  the  correct  shape  for  the  main  reflector.  The  3  dB  beamwidth  with  the 
new  sub-reflector  was  considerably  lower  than  before.  The  measured  gain  for  the  modified  antenna  was  31.1  dB 
at  8.93  GHz,  giving  an  efficiency  of  63%.  This  is  i  dB  better  than  the  gain  of  the  original  antenna,  and 
is  a  very  good  efficiency  for  such  a  small  dual-plane  raonopulse  antenna. 

vi )  Conclusions. 

The  two  antenna  designs  reported  above  clearly  indicate  the  improvement  that  can  be  made  to  the 
efficiency  of  a  Cassegrain  antenna  by  the  use  of  specially  shaped  reflectors.  This  improvement  is  partly 
caused  by  the  increase  in  aperture  efficiency,  and  partly  because  more  of  the  feed  illumination  can  be 
usefully  used.  The  use  of  more  of  the  feed  pattern  improves  the  efficiency  in  this  design  because  the 
reflectors  redistribute  it  efficiently,  whereas,  with  the  classical  reflector  shapes,  the  use  of  too  mucii 
of  the  feed  pattern  will  give  a  high  edge  taper  to  the  illumination  and  lower  the  overall  efficiency. 

The  small  antenna  indicated  that  this  technique  works  well,  even  for  an  aperture  as  small  as  15 
wavelengths,  with  an  increase  of  gain  of  }  dB.  The  main  antenna  described  gives  an  efficiency  of  70% 
at  the  design  frequency.  The  patterns  obtained  are  good  for  a  first  prototype.  The  results  from  the 
reflectors,  with  both  the  simple  and  the  multimode  horn,  are  very  close  to  the  desired  results,  whilst 
the  feed,  apart  from  the  need  to  control  the  phase  centres  and  improve  the  matching,  gives  good  results 
with  a  wide  bandwidth. 

The  ar.tenna  is  an  improvement  on  the  classical  Cassegrain  with  no  apparent  disadvantages  compared 
with  it.  Once  the  moulding  tools  have  been  made,  it  should  not  cost  more  to  manufacture,  whilst  the 
weight  is  only  marginally  higher  because  a  larger  subreflector  is  used. 
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SHF  HIGH  POWER  AIRBORNE  COMMUNICATIONS  ANTENNA 


J.  P.  Grabowskl 
F.  L.  Lanphear 

RCA  Missile  and  Surface  Radar  Division 
Moorestown,  New  Jersey  08057 


SUMMARY 

The  hivh  power  SHF  antenna,  which  is  mounted  atop  the  fuselage  of  a  KC-135  aircraft,  is  part  of  a  link  which 
permits  cornu,  micatlon  between  tactical  terminals  by  means  of  a  synchronous-altitude  satellite.  The  antenna  can 
acquire  and  track  a  satellite  beacon  signal,  hold  a  stable  line  of  sight  for  a  short  period  of  time,  and  is  capable  of 
being  computer  pointed.  The  antenna  configuration  was  specifically  designed  for  handling  high  CW  power  levels  at 
X-band  frequencies  without  the  use  of  forced-air  or  liquid  cooling. 

A  32-inch  Cassegrain  antenna  system  was  selected  to  provide  a  minimum  antenna  gain  of  32.5  dB  over  a  6 % 
transmit  frequency  band  and  a  separate  6%  receive  frequency  band.  The  antenna  radiates  a  right-hand  circularly 
polarized  signal  at  a  CW  power  level  of  12.5  kW  and  simultaneously  receives  left-hand  circularly  polarized  signals. 
Computations  utilizing  measured  antenna  patterns  indicate  the  antenna  noise  temperature  to  be  84°K. 

The  feedhom  is  a  simple  conical  horn  aperture  operating  in  the  dominant  mode.  A  2-mil  H-film  aperture  window 
serves  as  the  feed  radome  and  pressure  barrier.  Compactness  is  achieved  in  the  feed  design  by  incorporating  a 
circularly  polarized  dual-mode  transducer  which  generates  the  required  senses  of  circular  polarization  and  at  the 
seme  time  provides  the  duplexing  between  the  transmit  and  receive  signals.  The  subreflector  is  only  four  wavelengths 
in  diameter  and  includes  a  reflective  disk  at  the  hyperbola  vertex  to  give  a  broadband  impedance  match  and  provide 
control  of  the  transmit-recelve  isolation. 


1.  INTRODUCTION 

The  High  Power  SHF  Antenna  was  designed  to  help  evaluate  a  tactical  satellite  communications  system  which 
links  tactical  terminals  by  means  of  a  synchronous-altitude  satellite.  The  antenna  is  intended  to  be  part  of  an  airborne 
terminal  communication  system  which  can  acquire  and  track*  a  satellite  beacon  signal,  hold  a  stable  line  of  sight  for 
a  short  period  of  time  with  on-mount  gyros,  or  be  computer  pointed.  The  antenna  system  selected  for  this  application 
is  a  Cassegrain  design  which  includes  a  32-inch  main  reflector  and  a  6-inch- subreflector  which  is  servo  controlled  In 
azimuth  and  elevation  to  provide  nearly  complete  hemispheric  coverage. 

This  paper  will  discuss  only  the  RF  portions  of  the  antenna  subsystem.  The  antenna  was  developed  and  flown 
with  a  2  kW  average  power  system  and  then  was  redesigned  to  handle  12.  5  kW.  This  latter  configuration  will  be 
described. 

2.  HIGH  POWER  DESIGN 

The  existing  2  kW  ar.tenna  system  (Figures  1  and  2)  was  assessed  for  its  suitability  and  limitations  for  handling 
the  specified  12.5  kW  of  average  transmitter  power.  With  no  additional  cooling,  the  majority  of  the  components  used 
in  the  transmitter  RF  channel  would  reach  excessive  (425  F)  or  near  excessive  temperature.  Highest  temperatures 
would  occur  in  the  two  transmit-chanpel  rotary  joints  and  in  the  feedhom. 

Two  general  approaches  are  available  to  reduce  these  temperature  extremes:  cooling  and  reduction  of  heat 

input. 

2.1.  Thermal  Design 

Cooling  requires  a  design  which  more  readily  uses  conduction,  convection,  and  radiation  without  relying  on 
liquid  or  forced  air  since  the  application  is  for  an  airborne  system.  These  design  considerations  were  assessed  and 
optimized  by  computer  nr.  athods, 

A  thermal  model  was  established  and  verified  by  temperature  data  from  the  2  kW  SHF  antenna  system,  As  a 
result  c  f  this  computer  evaluation,  the  thermal  efficiency  of  the  RF  system  was  increased  by  the  following  methods: 

1.  Improved  conductive  coupling  between  the  RF  components  and  the  basic  antenna  structure.  This  permits 
the  antenna  to  serve  more  efficiently  as  a  thermal  radiator. 


* 


Tracking  data  is  obtained  by  a  slow  mechanical  movement  of  the  main  aperture  which  Is  platform  stabilized  for 
aircraft  motion.  Only  a  single  receive  channel  Is  required. 
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2.  .The  use  of  fins  on  the  waveguide  and  the  feedhorn. 

3.  The  use  of  special  paints  that  have  a  higher  emissive  value  than  the  original  system. 

2.2.  RF  Design 

The  reduction  of  heat  input  by  minimizing  RF  loss  Is  doubly  beneficial  because  1)  less  thermal  energy  Is  to  be 
dissipated,  and  2)  an  Increase  in  the  radiated  RF  energy  Is  achieved.  Appreciable  loss  reduction  is  possible  by  taking 
full  advantage  of  the  microwave  technology  on  surfaces,  materials,  waveguide  modes,  and  component  configuration. 

In  the  transmit  path  the  original  aluminum  Y'fUl2  waveguide  was  replaced  with  WR137  OFHC  (oxygen-free  high 
conductivity)  copper  waveguide  with  the  exception  of  a  4-inch  flexible  waveguide  scctton  made  of  beryllium  copper.  The 
flexible  waveguide  solves  mechanical  tolerance  and  thermal  expansion  problems.  Special  considerations  were  applied 
to  the  flexible  waveguide  with  regard  to  plating,  jacketing,  and  external  finish.  Waveguide  joints  were  minimized. 
Including  combination  of  the  feedhorn  and  polarizer  network.  Where  flanges  were  required,  special  Parker-type  seals 
were  used  both  to  seal  and  to  ensure  maximum  heat  transfer  across  the  flange. 

Coating  of  the  waveguide  inner  surfaces  was  investigated  with  the  conclusion  that  in  a  dry,  non-corrosive 
atmosphere,  an  uncoated  surface  was  best.  Tests  were  made  on  a  temperature-cycled  piece  of  waveguide  having  an 
uncoated  inner  surface,  and  no  Increase  in  loss  was  detected. 

Figure  2  shows  the  losses  in  the  original  system  as  compared  to  the  12.  5  kW  system.  The  combination  of 
reduced  RF  loss  and  increased  thermal  efficiency  results  In  acceptable  component  temperatures  under  worst-case 
conditions. 

0.  COMPONENT  DESIGN 

The  following  paragraphs  briefly  describe  the  microwave  components  in  the  antenna  subsystem,  with  special 
emphasis  on  the  dual-channel  rotary  joint  which  proved  to  be  a  critical  component  in  terms  of  the  high  power  design. 

3. 1.  Rotary  Joints 

Three  rotary  joints  are  required  In  the  antenna  system:  1)  a  hlgh-power  dual-channel  azimuth,  2)  a  high- 
power  elevation,  and  3)  a  low-power  elevation.  In  the  conventional,  coaxial,  TEM-mode  rotary  joints,  the  greatest 
loss  and  thus  highest  temperatures  occur  at  the  center  conductor  where  dissipation  is  most  difficult.  A  logical  solution 
is  elimination  of  the  center  conductor.  For  the  single-channel  hlgh-power  elevation  Joint,  the  TM01  mode  was  used, 
where,  without  the  center  conductor,  all  the  RF  losses  occur  In  the  outer  wall.  This  type  of  joint  also  has  lower 
losses  than  the  conventional  TEM  type  as  the  TM01  mode  Is  a  lower  loss  mode.  For  the  dual-channel  azimuth  Joint, 
two  decoupled  modes  in  circular  waveguide  were  used,  the  TMqj  mode  for  the  transmit  channel  and  the  circularly 
polarized  TE1X  mode  for  the  receive  channel.  (A  third  channel,  the  opposite- sense  circularly  polarized  TEX1  mode 
was  unused  and  terminated.)  This  design  approach  has  the  following  advantages: 

1.  The  cross  coupling  between  the  transmit  and  receive  channels  is  independent  of  impedance  mismatches 
in  either  channel.  Theoretically  the  modes  are  completely  decoupled;  actually  35  to  40  dB  is  attained. 

2.  Since  the  TM0i  mode  has  no  phase  variation  with  rotation,  the  line  stretching  effect  is  eliminated  in  the 
transmit  channel. 

3.  Reflections  caused  by  minor  fabrication  Imperfections  are  absorbed  In  the  resistive  load  terminating  the 
third  channel. 

4.  Reduction  in  loss  for  both  channels  Is  obtained  over  an  equivalent  TEM  rotary  Joint. 

5.  Ease  of  thermal  dissipation  of  the  heat  generated  is  achieved. 

A  block  diagram  of  the  rotary  joint  parts  Is  shown  in  Figures  3  and  4.  The  non-rotating  section  consists  of  a 
mode  exciter  and  a  polarizer.  The  exciter  la  a  waveguide  Junction  in  which  the  TMyi  mode  and  two  orthogonal  TE^j 
modes  are  launched  in  circular  waveguide.  The  transmitter  Is  connected  to  the  TM01  mode  port  and  the  receiver  to 
the  TEu  mode  port.  The  polarizer  converts  the  orthogonal  TEjj  modes  Into  a  circularly  polarized  TEjj  mode  at  the 
rotating  junction.  The  rotating  section  is  identical  to  the  non-rotating. 

With  this  design  a  new  type  of  rotary  Joint  has  been  developed  for  dual  channel  applications  with  high  average 
power  capability  and  extremely  low  loss  for  both  the  transmit  and  receive  channels. 

The  low  power  receive  elevation  rotary  Joint  uses  the  conventional  TEM  deulgn. 

3.2.  Feed  and  Radome 

The  feedhorn  is  a  simple  conical  horn  aperture  operating  in  the  dominant  mode.  The  10-dB  beamwidth  is  100 
degrees,  which  efficiently  illuminates  the  subreflector  and  the  antenna.  The  aperture  window  Is  2-mll  I!~fllm  which 
also  serves  as  a  pressure  barrier.  The  H-fllm  material  maintains  excellent  electrical  and  physical  properties  over 
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a  wide  range  of  temperatures.  The  finned  waveguide  feed  as  seen  In  Figure  5  is  well  within  the  shadow  of  the  subre¬ 
flector  and  provides  an  efficient  thermal  path  for  the  removal  of  heat. 

3.3.  Polarizer 

The  polarizer  element  is  essentially  a  dual-mode  transducer  and  a  circular  polarizer  integrated  into  a  single 
microwave  component,  ft  consists  of  two  rectangular  waveguide  inputs  with  a  common  center  wall  which  forms  a 
sloping  (20°)  septum  arrangement  extending  from  the  top  to  the  bottom  waveguide  wall.  The  output  of  the  polarizer  is 
a  single,  square,  waveguide  channel  capable  of  supporting  circular  polarization.  A  sketch  of  the  polarizer  is  shown 
in  Figure  6.  Linearly  polarized  signals  from  the  transmitter  pass  through  the  polarizer  and  emerge  as  right-hand 
circularly  polarized  signals.  Conversely,  left-hand  circularly  polarized  signals  are  received  by  the  antenna,  and  as 
they  pass  through  the  polarizer  the  signals  are  simultaneously  combined  into  a  linearly  polarized  signal  and  directed 
to  the  receive  channel. 

3.4.  Subreflector 

The  subreflector  is  a  four- wave  length  hyperbola  which  includes  a  vertex  matching  plate.  The  purpose  of  the 
vertex  plate  is  to  reduce  the  mismatch  of  the  subreflector  to  the  feedhorn.  These  reflections,  which  are  approximately 
14  dB  down  from  the  transmitted  signal,  degrade  the  inherent  isolation  between  the  transmit  and  receive  channels. 
Since  "duplexing"  is  achieved  by  the  polarization  characteristics  of  the  antenna,  all  reflections  from  the  subreflector 
which  re-enter  the  feed  end  up  in  the  receive  channel.  There  are  various  ways  in  which  the  subreflector  can  be 
matched;  however,  the  16%  bandwidth  requires  the  matching  element  to  be  placed  at  the  source  of  the  mismatch.  The 
disadvantage  of  the  vertex  plate  is  an  increase  in  the  antenna  pattern  first  sidelobe  levels  from  18  dB  to  15  dB. 

4.  PERFORMANCE 

Except  for  the  thermal  analysis,  all  of  the  following  data  and  results  were  obtained  from  a  completely 
assembled  end-item  antenna.  The  thermal  data  was  obtained  by  a  computer  analysis  of  a  thermal  model  of  the  antenna, 
requiring  inputs  from  insertion  loss  measurements  and  high  power  tests  of  the  various  microwave  components. 
Accurate  insertion  loss  measurements  were  made  with  the  use  of  a  HP-8540A  Network  Analyzer.  In  addition,  high 
power  tests  which  measured  heat  dissipation  of  the  various  components  were  evaluated  against  the  measured  insertion 
losses  and  good  correlation  was  obtained.  Table  I  summarizes  the  antenna  performance. 

4.1.  Thermal  Analysis 

Table  n  shows  the  calculated  temperatures  of  the  2-kW  system  components  if  used  at  12.  5  kW.  Also  shown  in 
Table  n  are  the  12.  5-kW  system  component  resultant  temperatures  for  the  condition  of;  1)  the  aircraft  at  sea  level, 
operating  in  the  sun  with  no  wind  (the  worst  case),  and  2)  at  45,000  feet  altitude,  all  based  upon  computer  analysis. 
Figure  7  shows  the  location  of  the  components  listed  in  the  table.  A  limiting  temperature  value  is  stipulated  to  be 
425°F  for  no  appreciable  strength  loss  of  aluminum  alloys. 

High  power  RF  tests  were  performed  on  the  feedhorn-polarizer,  elevation  rotary  joint,  and  the  dual-channel 
azimuth  rotary  Joint  to  evaluate  the  design  for  RF  breakdown  and  heat  dissipation.  These  tests  were  performed  at 
10  kW  CW,  with  the  results  extrapolated  to  12.5  kW  CW  (10  kW  CW  being  the  maximum  power  available,  since  the 
final  transmitter  was  not  yet  developed).  The  components  were  found  to  be  free  of  RF  breakdown  when  operated  to  the 
point  of  full  temperature  stabilization. 

4.2.  Pattern  Data 

A  contour  pattern  of  the  antenna  is  shown  in  Figure  8.  The  symmetry  of  the  main  beam  can  be  seen  along  with 
the  sidelobe  structure  which  is  at  a  maximum  in  the  45  planes.  These  sidelobes  are  the  result  of  the  quadripod 
support  for  the  subreflector.  The  first  sidelobes  occur  at  an  angle  of  5  degrees  from  boreslght  and  vary  between  14 
and  1C  dB  over  the  frequency  band.  The  second  sidelobe  varies  between  24  and  30  dB.  The  3-dB  beamwldth  Is  3 
degrees  and  is  consistent  with  the  antenna  gain.  Sidelobes  and  beamwldth  data  are  shown  in  Figure  9. 

4.3.  Gain 

The  antenna  gain  at  center  frequency  was  calculated  to  be  33.8  dB.  This  value  results  from  an  antenna 
efficiency  -jalculatlon  of  55%.  Measured  gain  values  of  33.25  dB  were  obtained  at  the  Input  to  the  dual  channel  rotary 
joint.  The  microwave  losses  amount  to  0.4  dB,  and  when  added  to  the  measured  gain  values  result  In  an  antenna  gain 
of  33.65  dB.  Gain  values  are  shown  in  Figure  9. 

4.4.  Axial  Ratio 

The  axial  ratio  of  the  antenna  is  almost  entirely  a  function  of  the  polarizer  performance.  As  can  be  seen  from 
Figure  9,  the  axial  ratio  is  less  than  1.0  dB  across  the  complete  operating  frequency  band. 

4.5.  Isolation 

The  isolation  between  the  transmit  and  receive  channels  Is  achieved  by  the  tuning  disk  at  the  vertex  of  the  sub- 
reflector.  The  disk  diameter  and  location  have  been  experimentally  developed  to  yield  the  best  overall  isolation 
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characteristics.  The  measured  values  all  exceed  the  requirement  of  20  dB.  Figure  10  shows  the  effectiveness  of  the 
disk  on  the  transmit- receive  isolation. 


4.6.  Antenna  Noise  Temperature 

The  antenna  noise  temperature,  in  degrees  K,  is  calculated  from  the  expression 


+ 


where 

Ta  is  the  antenna  noise  temperature  due  to  the  pattern. 

L.  is  the  microwave  losses. 

A 

T.  is  the  thermal  temperature  of  the  antenna  =  290°K. 

1> 


Ta  Is  first  determined  by  dividing  the  antenna  pattern  into  sectors  and  multiplying  the  temperature  of  the  source 
which  the  sector  is  directed  at  by  the  percentage  of  energy  contained  in  each  sector.  The  sum  of  the  individual 
temperature  contributions  yields  the  antenna  temperature  due  to  external  sources.  Table  HI  shows  the  pattern  break¬ 
down  and  calculation  of  TA  for  an  elevation  angle  of  7.  5  degrees.  From  the  table,  TA  is  53. 4  K. 

The  microwave  losses  have  been  measured  at  0.6  dB  maximum  and  the  resultant  computation  of  TA'  gives  an 
antenna  noise  temperature  of  83.  6°K. 


5.  CONCLUSION 


A  successful  modification  has  been  accomplished  to  an  existing  airborne  antenna  which  required  an  increase  in 
the  average  power-handling  capabilities  from  2  kW  to  12.  5  kW  at  X  band.  The  basic  design  of  the  antenna  and  micro- 
wave  layout  was  unchanged  and  all  of  the  original  specifications  were  met  or  exceeded.  The  modified  design  resorted 
to  neither  liquid  nor  forced-air  cooling  to  dissipate  the  additional  heat  load.  Instead,  acceptable  component  tempera¬ 
tures  were  achieved  by  reducing  the  RF  insertion  loss  and  Increasing  the  thermal  efficiency.  Finally,  a  new  dual¬ 
channel  rotary  Joint  was  developed  for  this  program,  featuring  extremely  low  loss  in  both  the  transmit  and  receive 
channels. 
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TABLE  I.  ANTENNA  PERFORMANCE 


Parameter 

Specified  Value 

Measured  Value 

Frequency 

Gain 

Polarization 

Axial  Ratio 

Beam  Shape 

Sidelobes 

VSWR 

Losses 

Power  Handling 

Isolation 

Antenna  Noise  Temperature 

7.25  -  8.  4  GHz 
>  32  dB 

Xmit  RHCP,  Rev  LHCP 
<3  dB 

Symmetrical 
<-12  dB 
<1.5 
<0.6  dB 

12.5  kW  avg. 

20  dB 

92°K 

7.25  -  8.4  GHz 
>  32.5  dB 

Xmit  RHCP,  Rev  LHCP 

<  1.0  dB 

Symmetrical 

<  -14  dB 

<  1.35 

<  0.  5dB 

12.  5  kW  avg. 

>20  dB 

83.  6°K 

TABLE  R.  COMPONENT  TEMPERATURE,  ASSOCIATED 
DISSIPATION  AND  CONDITION 


Component  Dissipation 

-  watts  (724  watts  total) 

Gyros  6. 5 

Finned  Waveguide 

50.0* 

Az  Motor  1.  0 

El  Rotary  Joint 

83.0* 

El  Motor  30. 0 

Long  Waveguide 

60.0* 

Slip  Ring  2.  0 

Az  Rotary  Joint 

112.0* 

El  Synchro  1.  5 

Feedhorn 

10.0* 

Az  Synchro  1.  0 

Polarizer 

50.0* 

at  75°F,  with  loss  (dB)  linearly  varying  to  a  30%  increase  at  400°F. 

Assumed  Conditions 

A 

B 

Radome  RF  Heating,  watts 

mmermm 

375 

Ambient  Temperature  °F 

M 

-40 

Altitude,  ft 

45,000 

Cabin  Temperature  F 

90 

70 

Cabin  Pressure  Altitude 

8,000 

Aircraft  Airspeed  (Knots) 

200 

Radome  Thermal  Resistance,  °F/BTU/HR 

0.011 

Radome  Thermal  Absorbance 

0.9 

Radome  Thermal  Emlssivity 

0.8 

0.8 

Temperatures  °F  for  the  Assumed  Conditions 

2  kW 

Location  (see  Figure  7) 

Components 

A 

B 

A  Radome  Apex 

243 

191 

B  Radome  Air 

338 

209 

115 

C  Feed/Polarizer 

610 

304 

272 

D  Transmit  Elevation  RJ 

620 

362 

322 

E  Transmit  Waveguide 

450 

390 

321 

F  Az  Rotary  Joint 

800 

264 

208 

G  Az  Rotary  Joint 

237 

195 

H  Az  Rotary  Joint 

257 

247 

I  Receive  Waveguide 

230 

165 

J  Receive  Waveguide 

235 

179 

K  Gyros 

240 

170 

L  El  Motor 

243 

185 

M  Az  Motor 

221 

171 

TABLE  m.  ANTENNA  TFMPERATURE  DUE  TO  THE  PATTERN 


Pattern  Section 

Percent  of  Energy 

- - - 

Temperature  Source 
<°K) 

Contribution 

<°K) 

Main  Beam 

-3.5°  to  +3.  5° 

61.5 

20 

12.3 

Side  lobes  up 
+3.5°  to +8° 

6.53 

11 

0.718 

Sidelobes  down 
-3.  5°  to  -8° 

6.53 

60 

3.92 

Sidelobes  up 
+8°  to  +30° 

3.04 

G 

0.  18 

Sidelobes  down 
-8°  to  -30° 

3.04 

290 

8.81 

Sidelobes  up 
+30°  to  +60° 

5.4 

4 

0.216 

Sidelobes  down 
-30°  to  -60° 

5.4 

290 

15.65 

Sidelobes  up 
+  60°  to  90° 

3.92 

2 

0.0784 

Sidelobes  down 
-60°  to  -90° 

3.92 

290 

11.35 

Backlobes  up 
+90°  to  +180° 

0.4 

5.5 

0. 0022 

Backlobes  down 
-9C°  to -180° 

0.4 

290 

0. 156 

TOTAL 

53. 4°K 

Figure  1.  SHF  High  Power  Airborne  Communications  Antenna 


Figure  2.  SHF  Antenna  Block  Diagram 
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Figure  3.  Block  Diagram  of  Dual  Channel  Rotary  Joint 


Figure  5.  Feedhorn 
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Figure  8,  SHF  Antenna  Contour  Pattern 
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Figure  9,  Measured  Data,  SHF  Antenna 
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DISCUSSION 


X.  VOQSL:  Sven  for  high  isolation  between  transmit  and.  receive  channels,  many  watts  of 
cw  power  will  leak  into  the  receive  channel*  Does  this  pose  any  problemsT 

F.P.  QRABCWSKI :  During  transmission,  energy  coupled  from  the  transmit  channel  to  the 
receive  channel  is  reflected  back  towards  the  feel  horn  by  filters  protecting  the  receivers. 
This  coupled  energy  is  reradiated  by  the  feed  in  the  opposite  sense  ciroular  polarization 
which  has  a  Blight  degrading  effect  on  the  axial  ratio  of  the  transmitted  signal.  Measured 
transmit  axial  ratios  with  the  receiver  part  short  circuited  are  less  than  1»5d&> 


J 
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M.  NICOLAS  et  C.  MAST 
ELECMA,  22  Quai  Gallieni  , 
92150  SURESNES  -  FRANCE 


RESUME. - 

Le  passage  en  bande  S  des  telemesures  necessity  par  1 ' encombrement  de  la 
bande  VHF  pose  de  nouveaux  problemes  pour  les  antennes  sol  et  bord.  Au  sol,  une  augmen¬ 
tation  de  gain  est  necessaire  ;  l'etroitesse  des  faisceaux  impose  une  poursuite  plus 
precise.  A  bord,  le  rayonnement  est  tres  perturbe  par  le  corps  de  l'engin  et  sa 
rotation  eventuelle. 

On  decrit  les  prlncipes  retenus  pour  dss  antennes  sol,  bande  S,  a  poursuite 
uutomatique,  et  on  donne  des  examples  de  realisation.  Les  antennes  sont  du  type 
reflecteur  parabolique  et  source  monopulse.  Les  signaux  d ' ecartometrie  sont  traites  de 
faqon  a  fournir  un  signal  composite  analogue  a  celui  delivre  par  un  dispositif  de 
balaynge  conique.  Le  recepteur  de  poursuite  est  ainsi  parti culierement  simple. 

On  donne  egalement  un  exemple  d'antenne  sol  recevant  simultanement  les 
deux  bandes,  S  et  VHF. 

Enfin,  on  decrit  une  antenne  d'engin,  constitute  d'un  reseau  circulaire  de 
fentes  rayonnantes,  fournissant  un  diagramme  independant  de  la  rotation. 

1.-  INTRODUCTION. - 


Les  telemesures  pour  les  essais  d'avions  et  d'engins  abandonnent 
progressivement  la  bande  215-260  MHz  au  profit  de  la  bande  S  (2300  MHz).  Cette 
evolution  est  imposee  par  1 1 encombrement  croissant  de  la  bande  VHF.  Elle  permet  de 
plus  une  augmentation  du  volume  d '  inf  ormat.i ons  transmiees. 

Le  passage  en  bande  S  pose  de  nouveaux  problemes,  autant  pour  les 
antennes  sol  de  reception  que  pour  les  antennes  bord. 

2.-  PROBLEMES  POSES  PAR  LE  PASSAGE  EN  BANDE  S.- 


Une  augmentation  de  frequence  toutes  choses  egales  d'ailleurs,  entralne 
une  degradation  des  bi Ians  de  liaison.  Ceci  doit  etre  compense  par  une  augmentation 
du  gain  des  antennes  et,  notamment ,  de  1' antenne  de  reception  au  sol.  Celle-ci  est 
done  d'assez  grandes  dimensions,  et  doit,  par  ailleurs,  etre  realises  avec  une 
meilleure  precision  mecanique,  du  fait  de  la  reduction  de  la  longueur  d'onde. 

L'antenne  sol  ayant  un  gain  plus  eleve,  sa  directivite  est  plus  grande,  de  sorte  que 
son  pointage  dans  la  direction  de  l'avion  ou  de  l'engin  doit  etre  realise  avec  une 
meilleure  precision  et  que  1 ' acqui si tion  angulaire  est  plus  difficile  a  effectuer.  Un 
systeme  de  poursuite  automatique  evolue  s'avere  indispensable.  D'autre  part,  compte 
tenu  de  la  reduction  de  la  longueur  d'onde,  le  respect  des  conditions  de  phase 
impose  une  realisation  plus  precise  des  circuits  d ' ecart ometrie .  L ' augmentati on  de  la 
precision  de  poursuite  presente  toutefois  un  avantage  :  l'antenne  de  telemesure 
pourra  eventuellement  fournir  des  elements  de  tra jectographie . 

En  ce  qui  concerne  les  antennes  bord,  la  longueur  d'onde  utilises  etant 
generalement  tres  inferieure  aux  dimensions  des  engins,  le  diagramme  obtenu  est 
essentielle.nent  variable  en  fonction  de  1 ' implantation  de  l'antenne.  Le  probleme  est 
d'obtenir  un  diagramme  aussi  regulier  que  possible,  assurant  un  gain  sensiblement 
constant  dans  la  direction  de  l'antenne  de  reception.  Un  cas  particulierement.  frequent 
et  difficile  est  celui  des  engins  en  rotation. 

Enfin,  le  passage  do  la  bande  VHF  a  la  bande  S  s'effectuant  progressive¬ 
ment,  il  est  necessaire  de  pouvoir  assurer,  pendant  plusieurs  annees,  1 'utilisation 
simultanee  des  deux  bandes.  Ceci  a  conduit,  notamment,  a  la  realisation  d'antennes 
sol  recevant  les  deux  bandes  de  frequence. 

3.-  PRICINPES  RETENUS  POUR  LES  ANTENNES  SOL  :  EXEMPLES  DE  REALISATION. - 

Le  gain  eleve  exige  des  antennes  de  reception  au  sol  en  bande  S  a  conduit 
a  utiliser  des  reflecteurs  paraboliquos  de  grandes  dimensions.  Les  figures  1,  2  et  3 
montrent  des  exemples  de  realisation  : 

.  CYCLOPE  II  (figure  1)  ost  dotee  d'un  reflecteur  de  18  metres  de  diametre. 

Le  gain  maximal  en  bande  S  est  de  48  dB. 

.  ANTARES  I  (figure  2)  est  dotee  d'un  reflecteur  de  4  metres  de  diametre. 

Le  gain  maximal  en  bands  S  est  de  35  dB. 

.  ANTARES  II  (figure  3)  est  dotee  d'un  reflecteur  de  2  metres  de  diametre. 

Le  gain  maximal  en  bande  S  est  de  24  dB. 


/ 
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La  source  primalre  es*  compos ee  de  quatre  elements  identiques,  disposes 
en  losange,  permettant  d'elaborer  les  slgnaux  d ' ecartometrie,  difference  site  AS, 
difference  gisement  AG,  et  sornme  Z  necessaires  A  la  poursuite  automatique  de  l'engin. 

Le  systeme  retenu  consiste  a  modulsr  le  signal  £  par  lea  signaux  AS  et  AG  affectes 
d'une  modulation  de  phase  periodique.  On  obtient  ainai,  par  un  procerte  statique, 
l'equivalent  d'un  balayage  ednique  qui  serait  obtenu  par  rotation  d'une  source  primaire 
unique  autour  de  l'axe  du  reflecteur.  Par  rapport  A  un  monopulse  d 'amplitude  classique, 
cette  solution  presents  l'avantage  de  ne  necessiter  qu'une  seule  chains  de  reception  de 
poursuite,  au  Jieu  de  trois.  Par  rapport  au  balayage  ednique  obtenu  par  rotation  de  la 
source  primaire  (solution  adoptee  dans  une  version  antArieure  de  CYCLOPE  II),  les 
problemes  mecaniques  sont  elimines,  et  notamment,  le  joint  tournant  qui  contribue  en 
general  fortement  A  limiter  la  fiabilite  de  l'ensemble. 

La  figure  4  donne  le  principe  du  systems  d* ecartometrie.  Les  deux  signaux 
difference  A  S  et  AG  sont  modules  en  phase,  0  —  l'l  ,  par  deux  signaux  a  500  Hertz  en 
quadrature  de  phase,  puis  additionnes  au  signal  sornme  1  ,  preleve  apres  preamplifica— 
tion.  On  obtient  ainsi  un  signal  composite,  analogue  a  celui  que  fournirait  un 
balayage  ednique,  dont  on  extrait  les  informations  erreur  site  et  erreur  gisement 
par  detection  synchrone  a  l'aide  des  signaux  de  reference  de  modulation  sice  et 
gisement . 


Les  modulateurs  0  -  n  realises  en  circuit  triplaque,  utilisent  des  longueurs 
de  ligne  et  des  commut.ateurs  a  diodes  P  I.N. 

Les  elements  rayonnants  sont  du  type  "dipdle  croise",  permettant  la 
reception  simultanee  en  polarisation  circulaire  droite  et  gauche.  Ils  dont  places  en 
avant  d'un  plan  reflecteur,  derriere  lequel  est  situe  l'ensemble  des  circuits  hyper¬ 
frequences  en  bande  S  et,  notamment,  les  circuits  d ' ecartometrie . 

Le  tableau  ci-dessous  donne  les  principales  carnet eristiques  de  differents 
meddles  d'antenne  sol  an  bande  S  qui  ont  ete  realises  par  ELECMA  : 


TYPE  D'ANTENNE 

CYCLOPE  II 

ANTARES  I 

ANTARES  II 

Diainetre  du  reflecteur 
parabolique 

18  m 

4  m 

2  m 

Gain 

48  dB 

35  dB 

27  dB 

Ropport  d'ondes  atation- 
naires  dans  la  bande 
2180-2310  MHz 

<  1,5 

<1,5 

<1,5 

Largeur  a  )  dB  du  lobe 
principal 

0,45° 

2,3“ 

5° 

Niveau  des  lobes  secon- 
daires  par  rapport  au  lobe 
prince  pal 

<  -15  dB 

<-20  dB 

c-l?  dB 

Taux  d ' ellipticite  (polari¬ 
sation  circulaire  droite 
et  gauche) 

<  3  dB 

<  3  f>B 

<  3  dB 

Precision  de  poursuite 
(erreur  quadrat ique 
moyenne ) 

0,2- 

0,2° 

0,25” 

Domains  d ' acquisition 

1° 

4,5° 

10° 

La  largeur  de  bando  des  elements  rayonnants  est  suffisante  pour  permettre 
event ue llement  la  reception,  A  l'aide  d'antennes  do  types  ANTARES,  de  la  bande  1750- 
1880  MHz,  quelquefoin  utilises  simultanement  avec  la  bande  2180-2310  MHz. 

L'antenne  CYCLOFE  II  permet  de  recevoir  egaxement  la  bande  VHF  215-260  MHz. 

4.-  RECEPTION  SIMULTANEE  DES  B ANDES  S  et  VHF  .  - 

L'antenne  CYCLOPE  II  permet  la  reception  des  signaux  de  telemesure  dans 
les  deux  bandes  2180-2310  MHz  et  215-260  MHz,  le  poursuite  automatique  e  ' ef’f ectuant 
sur  l'une  ou  1 'autre  des  bandes  de  frequence. 

Ceci  est  obtenu  en  utilisant  une  source  primaire  constitute  de  quatre 
elements  en  bande  VHF  (figure  5).  Les  elements  rayonnants  sont  au  type  dipdle  croise, 
permettant  la  reception  en  polarisation  circulaire  dioite  et  gauche.  Les  quatre 
dipdles  fonctionnant  dans  la  bande  5  sont  disposes  aux  sommets  d'un  carre  et  places 
devant  un  reflecteur  plan  de  200  mm  de  diametre.  Les  quatre  dipdles  f oncticnnant  en 
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bande  VHF,  cgalement  disposes  aux  sommets  d'un  carre,  entourent  la  source  en  bands  S  ; 
ils  sont  places  devant  un  reflecteur  plan  de  1 , 80  metre  de  diametre.  Les  plans  reflec- 
teurs  des  deux  sources  sont  separes  afin  d'obtenir  un  centre  de  phase  aussi  voisin  que 
possible  du  foyer  du  reflecteur  parabolique  dans  les  deux  bandes  de  .frequences  i  on 
evite  ainsi  les  pertes  de  gain  par  defocalisation.  II  est  a  noter  qu'une  solution  dn 
type  Cassegrain,  qui  a  ete  envisages,  n'offre  pas  d'interfit  car  les  conditions  geome- 
triques  correspondent  aux  deux  bandes  sont  trop  differentes  pour  pouvoir  donner  lieu 
a  un  compromis  valable.  Dans  la  solution  adoptee  (sources  primaires  au  foyer  du  reflec¬ 
teur  parabolique),  le  point  critique  est  le  masque  important  cree  par  la  source  en 
bande  VHF,  qui  deteriore  les  performances  en  bande  S,  notamment  le  niveau  des  lobes 
secondaires . 


Le  systeme  d ' ecartometrie  est  identique  dans  les  deux  bandes.  II  fonctionne 
selon  le  principe  de  pseudo  balayage  c6nique  decrit  au  paragraphs  3* 

Le  tableau  ci-dessous  recapitule  les  principales  performances  de  l'antenne 
CYCLOPF,  II  dans  les  deux  bandes  de  frequence  : 


Bande  de  Frequence 

215  -  260  MHz 
(bande  VHF) 

2180  -  2310  MHz 
(bande  S) 

Gain 

28  dB 

48  dB 

Rapport  d'ondes  station- 
na.tr  e  a 

<  2 

<  1,5 

Largeur  a  3  dB  du  lobe 
principal 

5“ 

0,45“ 

Precision  de  poursuite 
(erreur  quadratique 
moyenne ) 

0,3° 

0,2° 

Domains  d ' acquisi ti on 

10“ 

1“ 

Niveau  des  lobes  secon¬ 
daires  par  rapport  au 
lobe  principal 

< -?3  dB 

< -15  dB 

5 . -  ANTENNE  BORD  :  example  d'antenne  a  caracteristiques  independantes  de  la  rotation. 

ELECMA  a  effectue,  sur  marche  D.R.M.E.,  une  etude  theorique  et  experiment ale  d'une 
antenne  emburquee  sur  engin  dont  les  caracteristiques  de  rayonnement  sont  insensibles 
a  le  rotation. 

L'antenne  consists  en  un  reseau  circulaire  de  sources  rayonnantes  alimentees  en  equi- 
phase  et  equiamplitude .  Le  choix  du  type  d' element  rayonnant  a  ete  fait  en  fonction 
des  conditions  suivantes  : 

.  l'antenne  doit  presenter  une  epaisseur  tres  faible  afin  de  pouvoir  6tre  plaquee 
a  la  peau  de  1' engin, 

.  le  diagramme  do  rayonnement  obtenu  doit  etre  quasiment  omnidirectionnel ,  avec  un 
trou  aussi  reduit  que  possible  dans  1 '  axe  de  1 'engin. 

II  est  apparu  que  le  type  d' element  rayonnant  le  mieux  adapte  etait  une  fen te  tallies 
sur  l'une  des  faces  d'une  ligne  triplaque,  disposes  symetriquement  nu  ruban  central  de 
la  ligne.  La  fente  a  une  longueur  d'environ  .1/2  et  une  largeur  de  1/10  (1  etant  la 
longueur  d'onde)  et  fonctionne  en  mode  resonnant. 

L'antenne  etant  implantee  sur  une  partie  cylindrique  de  1 'engin,  les  fentes 
peuvent  etre  disposees  selon  les  generatrices  du  cylindre,  ou  perpendicu lairement  aux 
generatrices.  11  apparait  que  la  disposition  perpendiculaire  aux  generatrices  e-  t 
preferable  car  ells  fournit  un  diagramme  de  rayonnement  presentant  un  trou  moins  important 
dans  '.'axe  de  l'engin. 

Le  noeibre  d' elements  rayonnant*  constituent  l'antenne  est  fonction  du 
diametre  du  corps  te  1' engin  et  du  taux  d ' ondulati on  que  1 ' on  tolere  sur  le  diagramme 
de  rayonnement  dans  un  plan  ptt -tnindiculaire  a  1 ' axe  de  1' engin.  A  diametre  donna  le 
taux  d'ondulation  est  d'nutant  plus  faible  que  le  nombre  d'elements  est  grand. 

Les  principales  caracteristiques  d'une  antenne  de  ce  type  en  bande  S 
seraient  par  exemple  les  suivantes  ; 

.  bande  de  frequence  :  2188  -  2230  MHz 

.  puissance  admissible  :  13  W 

.  rapport  d'ondes  stat  ionnaires  :  2 


6-4 


.  cone  de  silence  dans  1 ' axe  de  l'engin  :  10°  a  -10  dB 

.  taux  d'ondulation  :  <  J:  3  dB 

.  polarisation  rectiligne. 

.  epaisseur  maximale  de  l'antenne  :  10  mm 

.  implantation  sur  un  engin  d'un  diametre  de  550  mm  (environ  4  longueurs 

d ' onde ) . 

Pour  obtenir  un  taux  d'ondulation  inferieur  a  3  dB,  compte  tenu  du 
diametre  de  l'engin,  il  faut  au  minimum  13  elements  rayonnants.  Pour  des  raisons  de 
commodite  d ' alimentation ,  on  choisit  plutfit  16  elements.  Les  16  elements,  qui  sont  des 
fentes  sur  ligne  triplaque  a  dielectrique  verre  teflon,  sont  alimentees  en  parallels 
au  moyen  d'un  repartiteur  de  puissance,  egalement  realise  en  technologie  triplaque. 

Si  la  longueur  de  la  partie  cylindrlque  du  corps  de  l'engin  sur  laquelle 
est  implantee  l'antenne  est  superieure  A  environ  8  longueurs  d'onde  (  1100  mm), 

l'antenne  etant  situee  au  milieu,  le  diagramme  et  notamment  la  largeur  du  cdne  de 
silence  dans  1 'axe  de  l'engin  ne  dependent  pratiquement  pas  de  la  forme  des  extremites 
du  cylindre . 


Les  resultats  theoriques  ont  ete  verifies  &  l'aide  d'une  maquette  de 
200  mm  de  diametre,  l'antenne  comportant  8  elements  rayonnants  (figure  6).  Les 
diagrammes  de  rayonnement  releves  dans  un  plan  passant  par  l'axe  de  l'engin  et  dans 
un  plan  perpendiculaire  a  l'axe  sont  donnes  figures  7  et  8. 


PIG.  4  :  PRINCIPE  DU  SYSTEMS  D ’ ECARTOMETRIE 
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DISCUSSION 


J.F.  OQBERT:  1.  Est  11  possible  de  poursulvre  1*  engln  a  partir  du  sol  quand  la 
polarisation  varie? 

2.  Pouyriez  vous  utlliser  un  mode  de  poursulte  automatique,  par  example  du  type 
"diversite"? 

C.  MAS;  La  polarisation  de  1* onde  recue  varie  effectlvement  dans  le  temps,  en  fonctlon 
notamment  de  1' attitude  de  1' engln.  Lea'antennes  au  sol  pre'sente'es  permettant  la  re'ceptlon 
dans  les  deux  polarisations  clrculaires  Inverses.  La  re'ceptlon  du  signal  de  tel<5mesure 
(vole  "somme")  se  fait  systeraatiquement  en  diversity  de  polarisation.  La  poursulte 

automatique  est  effectuce  danB  1* une  ou  1* autre  dee  polarisations,  par  commutation. 
Actuellement ,  cette  commutation  ne  se  fait  pas  de  facon  automatique,  mais  en  passant  en  effet, 
etre  envisage1'.  4 
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SUMMARY 

The  radiation  oharaeteristios  of  HP  notch  aerials  in  small  airoraft  are  analysed  for  the  band  2  to 
10  MHz.  Radiation  ooours  in  two  main  modes;  a  magnetic  dipole  mode  resulting  from  the  high  looel  RP 
currents  flowing  around  the  notoh,  and  an  eleotrlo  dipole  mode  resulting  from  longitudinal  RP  ourrent* 
in  the  fuselage. 

A  prooedure  is  given  for  the  estimation  of  the  radiation  effioiency  of  an  airoraft  notoh  aerial. 

It  is  shown  that  high  radiation  effloienoies  may  be  realised  at  frequencies  near  the  airoraft  eleotrioal 
re  so  nano  e ,  typioelly  10  MHs,  but  that  a  rapid  reduotion  of  radiation  effioienoy  ooours  at  lower  frequen¬ 
cies.  A  radiation  effioienoy  of  less  than  0.1$  at  2  MHz  is  to  be  expeoted  for  many  airoraft  notoh 
aerials. 


1 .  INTRODUCTION 

HP  notoh  aerials  and  allied  aerials  whioh  are  oontained  physioally  within  the  airoraft  structure 
are  usually  muoh  more  attractive  to  airoraft  designers  than  alternative  possibilities.  Por  example  wire 
aerials  have  the  disadvantages  of  an  exterior  structure,  while  insulated  tail-cap  aerials  present 
awkward  high-voltage  insulation  problems. 

Early  work  on  the  application  of  notoh  aerials  to  HP  oommurdoations  systems  in  military  airoraft 
was  carried  out  at  RAE  by  CARY,  R.H.J.,  1952  and  JOHNSON,  W.A.,  1955  ,  and  a  subsequent  paper  by 
TANNER,  R.L. ,  1958  is  an  important  contribution  to  the  understanding  of  radiation  from  aircraft- 
installed  notoh  aeriala.  A  prime  objeotive  at  that  time  was  the  realisation  of  high  radiation  efficien¬ 
cies,  usually  several  tens  of  per  oent.  Tanner  showed  that  in  preotioal  airoraft  installations  such 
effloienoies  may  be  achieved  only  if  strong  ooupling  exists  between  the  notoh  and  the  airframe,  le  the 
predominant  source  of  radiation  is  the  RP  ourrent  distribution  over  the  whole  airoraft.  lUrthermore  he 
shoved  that  adaquate  notch/airframe  ooupling  could  be  eohieved  at  HP  using  a  large  notoh  aerial  at  a 
good  site  on  a  large  airoraft.  More  recently  HP  notoh  aerials  have  bean  employed  in  small  airoraft; 

Pig  1  illustrates  a  typioal  tail-fin  installation.  It  has  been  realised  for  seme  years  that  auoh 
installations  offered  low  radiation  efficiencies  at  the  low  and  of  the  HP  band,  but  little  baslo  work 
appear*  to  hav*  been  oarrled  out  on  the  problem.  It  is  the  purpose  of  this  paper  to  examine  radiation 
maohanlams  and  to  establish  a  prooedure  whereby  reasonable  estimates  of  the  achievable  radiation 
effioienoy  may  be  obtained  ft too  a  knowledge  of  the  notoh  and  airframe  geometries. 

As  part  of  a  more  general  study,  radiation  patterns  of  scale  models  of  small  airoraft.  with  tail- 
fin  notches  have  been  measured;  Pig  2  io  a  typioal  example  at  the  low  end  of  the  HP  band.  Two  radiation 
modes  may  be  identified,  both  of  whioh  contribute  slgnifloantly  to  the  total  radiation.  The  vertically 
polarltad  mode  is  oharaoterlatio  of  a  magnatlo  dipole,  and  is  attributed  to  the  high  RP  ourrent  whioh 
exist*  in  the  immediate  vioinity  of  the  notoh.  The  horizontally  polarised  mode  la  oharaoterlatio  of  mn 
eleotrlo  dipole  and  i*  attributed  to  longitudinal  RP  ourrents  in  the  airoraft  ftiselage.  The  simple 
nature  of  these  observed  radiation  oharaotariatioa  suggests  that  by  making  simplifying  assumptions  about 
the  eleotrioal  oharaotarlstie*  of  the  notoh  and  airfrema  it  should  be  possible  to  arrive  at  analytical 
expressions  whioh  give  approximate  values  of  radiation  resistance.  This  is  the  approach  adopted  in  the 
following  text. 

2.  PROPERTIES  OP  A  NOTCH  AERIAL  IN  A  SEMI -INFINITE  SHEET 

2.1.  General  oomments 

Th#  lmpedano*  oharaoterlatio*  of  a  notoh  aerial  in  a  thin,  perfeotly  oonduotlng,  semi -infinite 
sheet  are  derived  in  the  following  seotlons.  In  auoh  a  lossless  system  ths  resistive  component  of  the 
notoh  lmpedano#  la  its  series  radiation  resistance.  The  chosen  method  of  analysis  is  to  apply  Babinat's 
principle  to  equivalent  dipole  radiator*,  th*  properties  of  whioh  have  been  investigated  extensively. 

Provided  that  there  are  some  constraints  on  notoh  geometry,  this  analysts  leads  to  simple  equations 
whioh  enable  the  general  properties  of  notoh  aerials  to  be  understood  readily.  The  effeots  of  notoh 
•hap*  and  struoture  thlokness  are  disouesed  subsequently. 

2.2.  Properties  of  dipole  rediators 

Information  on  the  lmpedano*  properties  of  dipole  radiators  (Pig  3)  is  employed  exteneively  in 
thl*  paper,  A  general  aviation  for  the  lmpedano*  at  th*  oentr*  of  a  dipole  i*  too  oomplioated  to  be 
useful  hers,  but  a  great  simplification  may  be  effeeted  (CARTER,  P.S.,  1932)  for  lossless  eleotrioally 
small  dipoles  of  limited  thlokness  (eey  a  total  length  of  not  more  than  a  quarter-wavelength  and  a 
length -to -diameter  ratio  of  not  less  than  10il).  Thu*» 


7-2 


(1) 

(2) 


20(ka)2  -  J120 ^A* 

where  ■  radiation  resistance 
»  reaotanoe 

k  ■  2wA 

2a  ■  dipole  length 
d  m  dipole  dlaaeter 
X  ■  wavelength 
P^  •  log  4«/d-1 

Tables  of  aerial  inpedanoe  are  available  for  tMok  dipoles  (KING,  R.W.P. ,  1971 ).  Examination  of  Kq  (2) 
shews  that  the  equivalent  oirouit  of  an  eleotrloally  saall  lossless  dipole  is  a  resistance  whose  value  is 
proportional  to  the  square  of  its  eleotrioal  length  in  series  with  a  oapasitanoe  of  fixed  value.  The 
value  of  P  is  determined  only  by  the  dipole  geometry;  for  a  length/di  ana  ter  ratio  of  10,  f.  ■  2.0.  Proa 

«q  (1)  1  1 

-  ^/(ka)3  (3) 

Regarding  the  dipole  as  an  eleetrlo  oirouit  element,  this  quantity  may  be  regarded  as  its  Q  faotor,  and 
the  strong  dependenoe  on  wavelength  may  be  noted.  As  an  illustrative  example,  for  a  dipole  whioh  is  X/10 
long  a  Q  faotor  of  over  300  is  obtained.  Generally,  for  eleotrloally  small  aerials 

I*,  1/^  »  1  (O 

A  planar  dipole  (Pig  3b)  of  negligible  thlokness  and  width  w  nay  be  treated  as  an  equivalent  oylindrioal 
dipole  of  effective  diameter  w/2  (JASZK,  H. ,  1 96l  ). 

2.3.  Properties  of  eleotrloally  small  slot  aerials 

BaM net's  principle  (BOOKER,  H. L. ,  1  946)  may  be  employed  to  determine  the  admittance  of  a  slot  in  a 
thin,  perfectly  conducting.  Infinite  sheet  (fig  4a)  from  the  inpedanoe  of  its  complementary  planar  dipole 
(Pig  5b),  and  the  following  expression  is  obtained: 

(r,  ♦  )/(82  +  ,1b2)  =  Z^/%.  (5) 

where  g2  =  shunt  radiation  oonduotance  of  slot 
b2  »  shunt  susoeptanoe  of  slot 
Zw  «  wave  inpedanoe  of  free  space 
-  377  ohm. 

Equation  real  and  imaginary  parts 

rl/«2  »  x,A>2  n  Z^/4  (6) 

Inspection  of  Kqa  (5)  and  (6)  and  reference  to  3q  (1 )  shows  that  an  eleotrloally  small  slot,  compared  with 
a  half-wave  slot,  possesses  a  low  shunt  radiation  oonduotanoe  and  a  high  negative  shunt  susoeptanoe.  The 
equivalent  oirouit  (Pig  4b)  is  a  lossy  inductanoe. 

2.4.  Properties  of  eleotrloally  small  notoh  aerials 

3uppose  that  a  thin  out  is  made  in  the  infinite  sheet  containing  the  slot,  perpendicular  to  the 
slot  major  axis,  so  that  the  slot  and  feed  sure  bisected.  Sinoe  no  eleotrio  current  flow  lines  have  been 
intercepted  there  is  negligible  perturbation  of  the  aerial  system  and  consequently  negligible  perturba¬ 
tion  of  its  radiation  pattern  and  impedance  properties. 

Let  one  half  of  the  aerial  system  be  removed,  leaving  a  notoh  aerial  in  a  semi -Infinite  sheet 
(Pig  5a).  It  is  to  be  expeoted  that  the  radiation  patterns  of  the  notoh  aerial  will  be  considerably 
different  from  those  of  the  slot,  due  to  the  removal  of  a  major  oonduoting  boundary  oontalning  a  radiator. 
However,  apart  froti  minor  fringing  field  effeots  at  the  feed  points,  it  appears  reasonable  to  assume  that 
the  removal  of  the  half-sheet  will  not  result  in  a  radioal  redistribution  of  the  current  in  the  remaining 
half-sheet.  Assuming  that  for  praotioal  purposes  the  sheet  ourrent  distribution  around  the  notoh  is 
negligibly  different  froa  that  of  the  corresponding  slot,  the  admittance  of  the  notoh  is  taken  to  be  half 
that  of  the  slot,  Pirther  disoussion  on  this  point  is  given  in  later  sections  of  this  paper. 

Referring  to  Eq  (5) 

y  =  8  ♦  jb  «  Hb2  *  Jb2)  “  2(ri  +  Jxi^Zw  (?) 

where  g  «  radiation  oonduotanoe  of  notoh  aerial 
b  i  susoeptanoe  of  notoh  aerial. 

Provided  that  the  length-to-wldth  ratio  (a/w  in  Pig  4(a))  is  not  too  small,  and  from  the  disoussion  in 
ssotion  2.2  this  would  mean  a/w  not  less  than  2.5,  the  values  given  in  Kq  (l )  may  be  substituted  in 
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Eq  (5).  Equating  real  parts  and  imaginary  parts, 

S  -  2^/Z2  .  40(ka)2/Z2  (8) 

b  .  -2U/Z2  -  -21,01/kaZ2  (9) 

where  w/2  haa  baan  substituted  for  d  (saa  amotion  2.2)  and 

F  >  log  8a/w  -  1  (10) 

As  a  particular  example,  for  a/w  =  2.5,  f  *  2.1,  giving 

b  .  480/kaZ2  (11) 

A*  in  the  oaae  of  the  eleotrioally  amall  clot,  an  eleotrioally  small  noteh  regarded  as  a  oiroult 
element  ia  a  lossy  induotance,  A  useful  parameter  is  the  Q  factor,  whioh  is  giver  by 

9  =  IV*  I  =  6p/(ka)3  (12) 

This  nay  be  compared  with  Sq  (3)  for  a  dipole,  and  as  before  and  it  may  be  noted  that  Q  is  proportional 
to  (x/*P-  As  an  illustrative  example,  put  a/w  «  2.5,  a  *  1m  and  \  =»  100m,  whioh  gives  a  0  faotor  of 
5  •  10*t  for  a  lossless  notoh. 


A  very  important  parameter  is  the  equivalent  series  radiation  resistance  whioh  is  given  by 


r  rn  g/b2 

(13) 

with  negligible  error.  From  Eqs  (6),  (7),  (8)  and  (ll) 

r  >  (ka)4Z^/l440?2 

(14) 

-  1.54  .  105  a4AV 

(15) 

If  F  m  2  as  before,  then 

r  =  3.85  .  104  (sA)4 

(16) 

The  fourth-power  lew  dependence  of  the  radiation  resistance  on  frequenoy  may  bo  noted,  oompared  with  the 
square-law  dependence  for  a  dipole  (Eq  (2)). 

2.5.  Current  loop  model  of  a  notoh  aerial 


The  aeries  radiation  resistance  of  an  eleotrioally  email  single  turn  loop  aerial  in  free  space  to 
given  by:- 

r3  -  320  w"  AjA4  (17) 

where  «  loop  radiation  resistance 
Aj  »  loop  area. 

The  form  of  Eq  (l?)  ie  vor^  similar  to  that  of  Eq  (l5),  whioh  suggests  that  from  the  radiation  resistance 
aspaot  a  notoh  may  be  treated  as  a  current  loop  having  an  equivalent  area  A,  whioh  is  determined  by  the 
notoh  geometry.  Thus  **• 

.  2.23  a2/F  (15) 

Taking  the  same  illustrative  example  as  before,  putting  a/w  ■«  2,5  and  F  ■  2. 

\  -  1.15  s2  (19) 

or 

A^  t  2.8A  (20) 

wherw  A  is  tbs  area  of  the  notch. 

This  res"!t  ie  intuitively  satisfying.  When  a  notoh  aerial  in  a  thin  sheet  is  excited,  current 
circulates  arc... .a  the  notoh  and  there  is  e  dose  similarity  with  the  loop  aerial  case,  Moreover  since 
the  ourrents  i  w  outside  the  out-out  area  it  ia  to  be  expeoted  that  an  equivalent  loop  would  be  larger 
than  the  ■  ctoh  cat-out.  It  may  also  be  noted  that  the  effeotlve  radiating  area  of  an  eleotrioa,''.y  small 
notoh  aer.  al  in  invariant  with  frequenoy. 

2.6.  Notoh  aortal  in  a  thiok  sheet 

In  praotioel  airora*t  installations  notch  aartals  a r*  out  into  aerofoil  seotions  whioh  may  be  of 
considerable  thickness.  To  analyse  auoh  oases  It  is  firstly  ntoesssry  to  determine  the  general  proper¬ 
ties  of  a  notoh  out  in  a  semi  -infinite  sheet  of  finite  thlokness. 
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Consider  suoh  a  notoh  fed  at  its  extremities  with  an  BY  power  souroe.  Current  will  flow  both 
externally  on  the  suifaoe  of  the  sheet  and  around  the  internal  su rfaoe  of  tho  notoh.  It  is  reasonable  to 
suppose  that  the  RP  ourrent  distribution  on  the  aurfaoe  of  the  sheet  is  not  perturbed  slgnlfloantly  by 
the  ourrent  on  the  inner  aurfaoe  of  the  notoh.  Aooordingly  the  total  admittance  of  a  notoh  in  a  thiok 
sheet  is  taken  to  be  the  sum  of  the  admittance  of  a  similar  notoh  in  a  thin  sheet  and  the  afeittanoe 
presented  by  the  inner  surfaoe  of  the  thiek  notoh.  Thus 

♦  Jbj  "  8  +  *  *4.  ♦  i\  (21 ) 

rhere  g,  +  Jbc  a  admittanoe  of  thiok  notoh 
5  5 

*4  *  a  edudttanoe  of  inner  surfaoe  of  thiok  notoh. 

The  equivalent  seri-.s  radiation  resistanoe  r^  is  given  by 

*  (fi  *  /  Q>  *  \)Z  (22) 

As  an  illustrative  example  of  the  effeota  of  the  sheet  thlokneas,  let  b  a  b,  ,  so  that  the  Internal  and 
external  notoh  RF  ourrent s  are  equal  for  praotioal  purposes.  The  effective  ‘‘'radiating  area  of  the 
internal  RF  ourrent  oannot  exceed  the  side-projeoted  area  of  the  notoh  (and  is  likely  to  be  somewhat  less 
when  screening  effeota  are  oonsidsred).  For  tho  oasa  considered  in  2.5,  (a/w  a  2.5),  we  have  from 
Kq  (13), 


(S  *  8^)  b2 

*  *  (b  ♦  b 


or 


0.278 


(23) 

(a) 


o 

sinoe  radiation  conductance  Is  proportional  to  (effeotive  radiating  area)  .  It  nay  be  seen  in  this  oase 
that  there  is  a  drastio  reduction  in  radiation  resistance  (a  factor  of  3.6),  corresponding  to  a  new  value 
of  effeotive  radiating  area  of  1 .5A.  It  is  evident  that  the  thioknesa  of  the  struoture  supporting  the 
notoh  should  be  kept  to  a  minimum. 


In  praotioal  notoh  aerial  aysteas  the  induotanoe  L  may  ba  measured.  Then  from  Eqs  (8)  and  (l3). 


r5  -  40  (ka)2  (»1)2/Z2  (25) 

As  an  illuatrativa  example,  measurements  which  wore  mads  on  an  experimental  notoh  aerial  of  1  metre 
length  and  0.4  metre  width  in  a  structure  of  approximately  15  om  thioknass  gave  a  notoh  induotanoe  of 
approximately  0.7  microhenries  (NEW,  C.  and  SHARP,  T.W.,  1966).  Substituting  in  Eq  (25)  and  putting 
;  *  3.'i|r’  */teo , 

r  *  19,500/^  ohms  (26) 

and  comparing  with  Eq  (l  7 )  the  effeotire  area  A.  of  an  aquivalsnt  loop  radia*  r  la 

A5  a  7.79. 2  (27) 

or  A^  m  2.0  A  (28) 

whare  A  ia  the  aide-projeoted  aren  of  tha  notoh. 

Compared  with  th»  theoretioal  value  of  2.8A  in  Eq  (20)  for  a  similar  notoh  in  a  thin  abaet  this 
shows  a  reduction  in  effeotive  radiating  area  by  a  faotor  of  1.4.  Thus  this  experimental  evidanoe  does 
indicate  that  the  thioknesa  of  tha  struoture  ia  a  significant  faotor  in  determining  the  effeotive 
radiating  area  of  a  notoh  aerial.  It  msy  bs  noted  that  at  2  KHz  tha  radiation  resistanoe  of  the  notoh 
aerial  Just  considered  ia  38  miorohms  when  radiating  in  a  currant  loop  mods. 

3.  PROPERTIES  OP  A  NOTCH  AERIAL  IN  A  FINITE  RECTANGULAR  PLATE 

3.1 .  Admittanoe  characteristics 

Consider  tha  radiation  oharaoteristioa  of  a  thin  lossless  rectangular  plate  containing  a  notoh 
aerial  (see  Fig  6);  this  say  radiate  in  both  magnstlo  and  aleotric  dipole  modes  and  thus  resembles  the 
aircraft  oasa.  As  a  model  of  an  aircraft  it  is  ovsr-simpllfisd,  but  the  analysis  leads  to  simple 
expressions  for  radiation  resistance  which  illustrate  the  depends  nos  of  radiation  raalstenee  on  frequency 
whloh  ia  to  ba  sxpsoted  from  alroraft  notoh  aerials. 

Applying  the  analytical  treatment  of  TANNER,  B.L, ,  1958  tha  admittanoe  y,  at  tbs  terminals  of 
the  notoh  la  given  by  * 

y6  ■  y  *  Ky,  (29) 

where  y  «  net  'h  admit tanos 

y  ».  admittance  of  reotangular  sheet  radiating  in  a  dipole  mode 
K1  a  a  real  dimensionless  coupling  faotor. 
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Eq  (29)  states  that  the  input  admittance  of  the  notoVplst*  combination  is  made  up  of  two 
components.  The  first  of  these  is  simply  the  admittance  of  the  notoh  from  Bq  (7),  whioh  is  assuaed  to 
be  affected  only  slightly  by  the  Halted  sise  of  the  plate.  The  second  term  is  the  dipole  admittance, 
as  seen  at  the  plane  of  the  slot,  multiplied  by  the  coupling  faotor.  For  the  aircraft  notoh  aerials 
considered  here  the  values  of  X  are  less  than  0.1,  and  Tanner's  results  reduoe  to 

X  -  0.20  a/h  (30) 


where  a  -  slot  length 
h  =  plate  width. 

3.2.  Centrally  sited  notoh  in  a  reotangular  plate 


For  a  oentrally  sited  notoh  aerial  in  a  reotangular  plate  of  length  (  and  width  h,  the  lapadanoe 
of  the  plate  regarded  as  an  eleotrloally  small  dipole  aay  be  obtained  from  Iq  (2),  subjsot  to  the  same 
constraints  on  lengtb/width  ratio.  Kitting  the  diameter  of  an  equivalent  cylindrioal  dipole  equal  to 
half  the  plate  width. 


sn  «  ^  +  Jx1  =  5  (kg)2  -  J240  FgAd 

(31) 

where 

F2  ■  log  4d/h  -  1 

(32) 

The  corresponding  admittance 

y1  is  given  bys 

yl  "  lA1 

-  5{(kd)4  +  J240  F2  kdj  -i-  (25  (kd)6  +  2402  F*1 

(33) 

For  an  eleotrloally  small  plate  the  denominator  term  in  (kd)^  nay  be  negleoted  no  that  Bq  (33)  becomes 


*1 


J*4L 


1.15  104  ?2 


.1  kd 
240  F„ 


(34) 


Fig  6b  shows  the  equivalent  circuit  of  the  total  radiating  system;  the  admittance  of  this  system  may  be 
determined  from  Eq  (29)  as  follows 


y6 


y  ♦ 

Z*  KaZ^  1.15  10*  Fg  240  F2 


(35) 


where  y  is  obtained  from  Eqs  (7)  to  (10).  For  frequenoles  well  below  the  natural  resonance  of  the 
airframe  the  last  term  of  Bq  (35)  is  negligibly  small. 


Writing 

y6  -  «6  * 

(36) 

g6  -  yo  (ka)2  ♦  K  (kd)4 

Z2  1.15  104  F2 

(37) 

b,  «  240F/ka  Z2 

0  w 

(38) 

An  important  parameter  is  the 
negligible  error  by 

corresponding  series  radiation  resistanoe 

r,  whioh  is  given  with 

2 

r6  ■  *6/b6 

(39) 

. 

- j 

1440  r 

KkVv*'.^ 

6  10S  F^2 

(40) 

The  first  term  (whioh  is  identical  with  Eq  14)  is  the  component  of  the  radiation  resistanoe  due  to  the 
RF  current  circulating  around  the  notoh  which  radiates  in  a  current  loop  mods,  and  Its  value  has  an  f* 
dependence.  The  seoond  term  is  the  oomponent  of  the  radiation  .resistance  due  to  the  RF  ourrent  flowing 
longitudinally  in  the  reotangular  plate  and  its  value  has  an  fb  dependence;  this  radiates  in  an 
eleotrio  dipole  mode. 

As  an  illustrative  example,  put 


a  »  1  metre 
F  .  F2  >  2.0 

l  «  1 5  metres 

K  >  0.067 
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Than 


Pig  7  shows  these  radiation  resistances  as  a  function  of  frequency.  In  the  region  of  2  KHz  the 
aurrent  loop  node  Is  predominant,  while  at  3.0  KHz  the  contributions  of  the  two  modes  sow  equal;  for 
higher  frequencies  the  electric  dipole  node  is  predominant.  The  rery  low  values  of  radiation  resistance 
nay  be  noted. 

3.3*  Asymmetrical  notoh  in  a  root  angular  sheet 

To  analyse  the  oase  of  a  reotangular  sheet  containing  an  asynnetrloally  sited  notoh  it  is  necessary 
to  determine  the  impedance  of  the  sheet  regarded  as  a  dipole  which  is  driven  at  the  site  of  the  notoh. 

An  approximate  method  which  is  adequate  for  the  purposes  of  this  paper  is  as  follows r- 

Suppose  that  the  notoh  is  sited  at  a  distance  g  from  one  end  of  the  plate,  and  g  from  the 
other  so  thatr  "  z 

l  -  d1  ♦  l2  (42) 

Consider  next  two  dipoles  of  lengths  21^  and  2t^  respectively.  An  approximate  formula  for  the  impedanoe 

of  the  asyaaatrioal  dipole  is  that  it  is  equal  to  the  mean  of  the  impedanoes  of  these  two  dipoles 
(KI1B,  H.W.P. ,  1950). 

Although  the  impedanoe  is  different  from  the  symmetrical  oase,  it  is  to  he  expeoted  with  an 
> lec trio ally  small  asymmetrloal  dipolo  that  the  radiation  resistanoe  will  have  a  square  law  dependenoe 
with  frequetioy  and  that  the  reaotive  component  may  be  represented  by  a  capacitor.  Accordingly  the 
general  form  at  the  impedanoe  will  be  similar  to  Eq  (35),  loading  to  an  aquation  for  the  radiation 
resistanoe  which  is  of  similar  form  to  Sq  (40). 

4.  AIRCRAFT  HF  NOTCH  AERIALS 

4.1 .  Intimation  of  radiation  oharaotsrlstlos 

A  oommonly  employed  notoh  aerial  site  ie  the  base  of  the  tail-fin  (see  Fig  1),  and  most  of  the 
following  diaousslon  refers  to  this  ease.  A  main  objeotive  is  the  determination  of  the  radiation 
reaiatanoa  referred  to  the  notoh  terminals  at  frequencies  near  and  below  the  first  eleotrioal  reaonanoe 
of  the  alroraft.  The  radiation  efflolenoy  may  than  be  derived  from  a  knowledge  of  ths  tuning  unit 
oharaotarlstioa. 

The  procedure  is  baaed  on  the  diaousslon  in  Section  3  of  this  paper,  and  it  is  accordingly  neoessery 
to  determine  the  following  parameters. 

(i)  The  impedance  which  may  be  attributed  to  the  notoh  radiating  in  a  current  loop  mode. 

(ii)  The  impedanoe  of  the  aircraft  radiating  in  a  longitudinal  dlpola  mods  as  saon  at  the 
notoh  position. 

(ill)  The  no toh/alr frame  coupling  factor. 

Initial  rough  estimates  of  these  parameters  may  be  made  fra*  a  knowledge  of  the  notoh  and  airframe 
geometries.  More  accurate  Information  may  be  obtained  from  impedance  and  radiation  field  measurements  on 
a  mock-up  notoh,  by  impedanoe  and  radiation  pattern  measurements  on  a  scale  model  and  by  computer 
modelling.  It  is  planned  to  report  separately  on  experimental  techniques. 

4.2.  An  illustrative  example 

The  example  ohosen  le  shown  in  Figs  1  and  8,  and  the  following  values  have  bean  obosen  as  typioal. 

Notoh  induotenoe  l  •  0.6 

Effective  radiating  area  of  notoh  A  ■  0,5  ■ 

Notob/alrfraJM  coupling  factor  X  »  0,05 

The  notoh  impedance  Is  given  by 

l  m  320  wU  A2A4  f  (43) 

Referring  to  Fig  8,  a  visual  estimate  has  besn  mad*  of  equivalent  monopoles  which  represent  the 
elsotrloal  properties  of  the  siroraft  structure  fore  and  aft  of  the  notoh.  The  impedanoe  of  the  airframe 
Is  taken  to  be  the  sum  of  ths  lmpeianoss  of  these  monopoles,  whioh  have  bran  calculated  using  King's 
tables.  Fig  9  shows  the  radiation  resistanoe  and  reactance  terms  of  the  airframe  impedanoe. 

Fig  10  shows  the  radiation  resistance  terms  u  seen  at  the  notoh  terminals;  the  reaotive  tern  is 
dominated  by  the  notoh  induotive  reaotanos.  Assuming  that  ths  resistiv#  losses  in  tha  aerial  system  are 
predominantly  conductor  losses,  they  may  be  expeoted  to  follow  an  approximate  s/t  law,  and  a  typical 
value  at  2  KHz  Is  0.05  ohms.  Using  this  data  tha  radiation  efflolenoy  as  a  funotion  of  frequency  is 
given  In  Fig  11. 
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5.  DISCUSSION 

Starting  with  a  knowledge  of  the  eiroraft  and  notoh  geometries,  it  is  believed  that  the  foregoing 
treatment  offers  a  means  of  obtaining  rough  quantitative  estimates  of  the  radiation  characteristics  whioh 
are  useful  for  initial  design  purposes.  The  eocuraoy  of  these  estimates  may  be  improved  by  employing 
data  obtained  from  mock-ups  and  models.  Clearly  many  of  the  simplifying  assumptions  need  more  rigorous 
Justification,  and  more  experimental  evidenoe  is  needed;  nevertheless  experimental  results  to  date  are 
in  reasonable  agreement  with  the  predictions. 

Radiation  has  been  shown  to  ooour  in  two  main  modes;  a  magnetic  dipole  mode  resulting  from  the  high 
looal  RF  currents  flowing  around  the  notoh,  and  an  eleotrio  dipole  mode  resulting  from  longitudinal  RF 
currents  in  the  fuselage.  At  frequencies  near  the  natural  eleotrioal  resonance  of  the  airframe  high 
radiation  efficiencies  are  possible.  However  the  combination  of  the  notoh  aerial  and  the  eleotrioally 
small  airframe  results  in  a  rapid  reduotion  of  radiation  effioienoy  at  lower  frequencies.  '  With  typioal 
aises  of  notoh  in  current  use,  radiation  effioienoies  of  less  than  0.1$  at  2  MHz  arc  to  be  expeoted. 
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Fig. 7  Radiation  resistance  of  notch  aerial  in  rectangular  plate 
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Fig. 8  Electrical  equivalent  of  aircraft-installed  notch  aerial 
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CAPACITIVE  REACTANCE  Ohms 
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DISCUSSION 


J.  T HR AYES:  Would  you  comment  on  the  efficiency  of  the  choice  of  your  notch  poaition 
with“regards  to  the  excitation  of  body  currents  (electric  dipole  mode)  in  the  aircraft? 
Which  positions  are  good  and  which  are  bad  in  thiB  respect? 

N.A.D.  PAVKY:  Ideally  the  notch  should  be  cut  as  deeply  as  possible  into  the  body  of  the 
aircraft  and  Bhould  be  sited  near  ita  electrical  centre.  The  base  of  the  tail  fin  is  a 
reasonable  choice  where  the  tail  fin  is  large.  Notches  near  the  wing  roots  are  to  be 
preferred  where  the  tail  fin  is  small,  but  in  this  case  the  direct  radiation  from  the  notch 
is  horizontally  polarized.  There  are  usually  serious  aircraft  structural  constraints  on  the 
size  and  siting  of  the  notch. 
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SUMMARY 


Basic  information  is  presented  to  help  antenna  designers  and  installers  provide  optimum  hf  antenna 
systems  on  small  airplanes  and  helicopters.  This  paper  covers  many  of  the  most  typical  problems  faced 
when  installing  an  hf  system  on  a  small  aircraft.  It  is  based  on  experience  related  to  the  use  of  automatic 
antenna  couplers  in  a  great  variety  of  installations.  Discussion  involves  practical  antenna  installation 
considerations  rather  than  detailed  antenna  theory. 

Wire,  shunt/notch,  and  tuned  monopole  types  of  antennas  and  associated  antenna  couplers  are  discussed. 
Important  details  related  to  the  selection,  installation,  and  successful  operation  of  these  antenna  systems 
are  given.  Typical  antenna  location,  size,  and  configuration  are  related  to  aircraft  characteristics. 

Three  common  forms  of  wire  antennas  (long  wire,  inverted  V,  and  short  grounded  wire)  are  illustrated. 
Techniques  such  as  rf  grounding,  bonding,  and  shielding  to  eliminate  RFI  are  discussed  in  detail.  Shielded 
antenna  feedline  techniques  (including  efficiency  considerations)  are  shown.  Voltage-altitude  design 
considerations  are  given. 

Shunt  and  notch  type  antennas  are  illustrated  and  general  details  of  location,  size,  and  construction 
are  discussed.  A  typical  installation  is  detailed  showing  RFI  considerations. 

A  tuned  monopole  (with  load  wire)  antenna  is  discussed  for  applications  on  small  airplanes  and  heli¬ 
copters.  Typical  installation  guidelines  are  given  along  with  details  showing  RFI  considerations. 


1.  INTRODUCTION 

The  installation  of  a  good  hf  antenna  system  on  a  small  helicopter  or  airplane  can  present  some 
difficult  problems.  Basic  aircraft  characteristics  (such  as  speed  and  size)  usually  present  practical 
limitations  which  determine  the  types  of  hf  antenna  systems  that  can  be  used.  Antenna  designers  must 
recognize  the  many  restrictions  placed  on  the  antenna  and  be  knowledgeable  in  many  approaches  to 
antenna  solutions.  Every  new  design  seems  to  require  some  unique  solutions.  This  paper  describes 
solutions  to  many  of  the  problems  associated  with  the  installation  of  hf  antenna  systems  on  typical  small 
aircraft.  It  is  written  from  the  viewpoint  of  the  antenna  coupler  engineer  (at  Collins  Radio  Company), 
and  is  based  on  the  experience  gained  from  many  such  installations  using  automatic  antenna  couplers  on 
all  types  of  aircraft. 

Large,  slow  aircraft  can  use  standard  long-wire  antennas  that  generally  require  relatively  little 
design  consideration.  On  fast  jet  aircraft,  wire  antennas  must  be  designed  to  be  very  strong,  and  many 
mechanical  problems  must  be  solved  for  safe  and  reliable  operation.  In  the  past,  probe  ar.d  tail  cap 
antennas  were  designed  for  large  jet  aircraft  to  replace  wires.  Today,  shunt,  or  notch,  type  antennas  are 
being  used  on  virtually  all  new  designs  where  wires  cannot  be  tolerated.  On  small,  slow  aircraft,  wire 
antennas  are  still  being  used  in  a  great  variety  of  configurations. 

But,  what  about  the  average  small  airplane  or  helicopter?  What  is  the  best  possible  (optimum) 
a  itenna  system  configuration  for  these  aircraft?  Ideally,  the  antenna  solution  should  be  included  while 
the  airframe  is  being  designed,  but  quite  often  due  to  cost,  schedule,  or  lack  of  interest,  the  hf  antenna  is 
given  low  priority.  The  aircraft  designer  usually  wants  the  smallest  possible  antenna  that  can  be  tuned 
and  system  efficiency  is  too  often  forgotten.  The  antenna  designer  must  understand  antenna  systems  well 
enough  to  bring  together  an  optimum  antenna  and  antenna  coupler  combination  that  is  acceptable  to  the 
aircraft  designer. 
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The  antenna  system  discussions  that  follow  are  believed  to  present  working  solutions  to  many  of 
the  problems  associated  with  installations  on  small  aircraft.  Of  course,  these  solutions  may  also  be 
applied  to  larger  aircraft.  The  antenna  coupler  group  at  Collins  Radio  Company  endorses  the  types  of 
antenna  systems  shown.  This  material  is  also  intended  to  help  the  antenna  designer,  or  installer,  to 
better  understand  the  capabilities  of  various  types  of  antenna  couplers  and  the  main  points  concerned 
with  their  use.  The  choice  of  antenna  type,  size,  and  configuration  is  often  a  practical  compromise  based 
to  a  large  extent  on  what  equipment  is  available.  It  is  obviously  important  that  new  antennas  be  made 
compatible  with  available  antenna  couplers.  The  Collins  548S  100-watt  hf  pa  coupler  and  accessories  are 
used  to  illustrate  how  a  standard  production  unit  can  be  designed  to  be  universal  and  work  efficiently 
with  virtually  any  kind  of  antenna. 

Basic  types  of  small  aircraft  hf  antennas  and  associated  couplers  are  discussed  and  examples  are 
given.  Important  installation  details  such  as  rf  bonding,  high-voltage  considerations,  and  vibration  are 
covered.  The  presentation  of  the  material  should  provide  valuable  information  to  the  hf  antenna  designer 
and  systems  engineer. 

2.  HF  ANTENNA  SYSTEMS 

The  hf  antenna  system  is  defined  in  the  paper  to  consist  of  the  following  parts: 

a.  Antenna  coupler 

b.  Rf  feedline  (all  rf  connections  between  coupler  and  antenna) 

c.  Antenna  (portion  of  system  that  excites  the  aircraft) 

In  an  optimized  system,  all  of  these  parts  are  considered  to  be  important. 

The  antenna  coupler  provides  accurate  and  efficient  impedance  matching  between  the  radio  and 
the  antenna.  An  existing  antenna  coupler  can  usually  be  found  for  almost  any  type  of  antenna  installation. 
There  are  some  unique  situations  that  involve  very  special,  or  state-of-the-art  design,  but  these  should 
be  considered  as  special  cases.  The  antenna  coupler  must  of  course  be  selected  to  tune  the  antenna  over 
the  desired  operating  frequency  range  (assumed  to  be  2  to  30  MHz  in  this  paper). 

The  antenna  coupler  must  provide  a  good  50-ohm  load  (1.3  to  1  vswr  or  better  is  considered 
sufficient)  for  good,  reliable  transmitter  performance.  This  low  vswr  requirement  becomes  more 
important  with  the  use  of  solid-state  power  amplifiers  because  it  is  related  directly  to  distortion  and 
power  output  design.  In  systems  where  the  antenna  impedance  can  change  during  operation,  the  coupler 
should  have  the  ability  to  automatically  accurately  retune  during  transmitting.  When  tuned,  the  coupler 
also  provides  a  good  impedance  match  from  the  antenna  to  the  receiver. 

Examples  of  successful  antenna  coupler  installations  are  discussed  in  the  sections  on  antenna  types. 

The  rf  feedline  connects  the  antenna  to  the  coupler.  Both  the  direct  connection  and  the  rf  ground 
current  return  path  must  be  considered  in  feedline  designs.  Efficiency  is  an  important  consideration,  but 
the  feedline  also  performs  the  important  function  of  eliminating  hf  interference  with  othar  systems  on  the 
aircraft.  Examples  are  given  showing  rf  feedline  techniques. 

The  hf  antenna  on  a  small  aircraft  basically  excites  the  airframe  to  produce  (or  absorb)  desired 
radiation  of  hf  energy.  This  is  especially  true  at  the  lower  hf  frequencies  where  the  antenna  is  much 
shorter  than  the  signal  wavelength.  Proper  location  of  the  antenna  on  the  airframe,  such  as  shown  in  the 
examples,  will  yield  desirable  radiation  patterns. 

The  antenna  can  be  considered  as  a  complex  transmission  line  in  relation  with  the  airframe. 

From  the  viewpoint  of  the  antenna  coupler  designer,  the  complex  impedance  of  the  antenna  indicates  how 
well  it  couples  to  the  airframe.  Input  reactance  is  mostly  related  to  antenna  dimensions  (size,  spacing, 
and  shape).  Input  resistance  is  a  close  function  of  how  well  the  antenna  couples  to  the  airframe.  Aircraft 
electrical  resonances  show  up  as  input  resistance  peaks.  In  general  as  antenna  spacing  to  the  airframe 
increases,  antenna  effectiveness  also  increases. 

The  antenna  system  designer  should  recognize  the  different  antenna  coupler  configurations  for 
different  antenna  types  (as  illustrated  in  the  antenna  discussions).  Three  general  categories  of  hf  antennas 
for  small  aircraft  are  covered.  These  are  as  follows:  Wire  antennas  (open  end  or  grounded  end),  shunt 
(or  notch),  and  tuned  monopole  with  load  wire. 

Experience  has  shown  that  hf  antenna  performance  does  not  lend  itself  to  a  completely  theoretical 
analysis  (because  of  complex  coupling  to  airframe).  A  full  scale  tuning  and  communicating  test  of  the 
system  is  the  real  proof  of  performance.  The  material  that  is  presented  is  intended  to  point  out  guide¬ 
lines  and  techniques  found  to  be  necessary  for  successful  hf  antenna  systems.  It  is  not  a  detailed 
discussion  in  antenna  theory. 
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3.  WIRE  ANTENNAS 

The  wire  antenna  is  the  most  widely  used  and  perhaps  best  understood  type  of  hf  antenna.  Because 
of  low  cost  and  ease  of  installation,  the  wire  antenna  should  as  a  general  rule  be  considered  for  new 
installations  before  approaching  other,  more  complicated  types  of  antennas.  On  high-speed  jet  aircraft, 
safety  aspects  and  drag  effects  of  the  wire  antenna  must  be  weighed  against  antenna  costs . 

An  example  of  an  optimized  wire  antenna  system  on  a  Collins  Radio  Company  aircraft  (a  turboprop 
Gulfstream  is  shown  in  figure  1.  The  important  features  of  this  antenna  system  will  be  discussed  in 
order  that  they  may  be  applied  to  other  similar  installations.  Note  that  the  antenna  coupler,  shielded  rf 
feedline,  and  lightning  arrester,  are  located  at  the  top  right  of  the  radio  bay  (shown  in  bottom  photo  of 
figure  1).  The  performance  of  this  antenna  system  is  excellent. 

Wire  antennas  are  used  in  a  great  variety  of  sizes  and  shapes  but  for  this  discussion  only  three 
general  wire  configurations  will  be  covered  (see  figure  2).  Experience  with  these  types  of  wire  antennas 
(or  slight  variations)  has  shown  they  will  produce  good  communication  results.  Wire  types  are  as  follows: 

a.  Straight  long  -wire  antenna  (more  than  8  meters  long) 

b.  Inverted  V-wire  antenna  (approximately  0  to  8  meters  long) 

c.  Short  grounded-wire  antenna  (less  than  6  meters  long) 

Rules  for  the  use  of  these  antennas  will  be  given  together  with  discussions  of  important  system 
features. 

3.1  Straight  Long- Wire  Antenna 

The  top  mounted  straight  long  wire  (shown  in  figure  1  and  at  the  top  of  figure  2)  is  considered  to 
be  the  best  wire  antenna  configuration.  It  requires  the  antenna  coupler  to  be  located  at  the  forward  end 
of  the  wire  near  the  top  of  the  aircraft  (note  coupler  feedpoint  in  figure  2).  The  Collins  airplane  shown 
has  a  14-meter  wire  in  this  configuration  and  has  an  Insulator  at  the  rear  end  (open  end).  General  rules 
for  installing  this  type  of  wire  are  as  follows: 

a.  Position  the  wire  as  close  as  possible  to  longitudinal  (top  view)  centerline  of  aircraft  for  best 
antenna  pattern  (and  minimum  wind  drag) . 

b.  Space  rear  end  of  wire  as  far  as  possible  above  fuselage  (side  view)  for  maximum  vertical 
antenna  component  and  antenna  pattern. 

c.  Use  low  capacitance  feedthrough  insulator  or  mast  at  coupler  feedpoint  for  maximum  coupler 
efficiency. 

d.  Wire  length  should  be  8  meters  or  longer  for  good  coupler  and  antenna  efficiency  (or  consider 
using  the  inverted  V  wire  configuration).  If  length  is  greater  than  approximately  14  meters, 
there  appears  to  be  little  difference  between  performance  of  open  or  grounded  end  wire 
configuration. 

e.  Use  lightning  arrester  where  possible  (read  lightning  protection  literature). 

f.  Use  static  drain  resistor  (usually  provided  in  antenna  coupler)  for  open  ended  wire  antennas. 

g.  The  if  feedline  between  the  coupler  and  antenna  feedpoint  must  provide  good  rf  grounding  and 
shielding  to  eliminate  rf  interference  problems  (see  figure  3).  It  must  be  as  short  as  possible 
for  maximum  efficiency  (coax  feedline  efficiency  is  critical,  see  figure  4). 

h.  Use  good  high-voltage  practices  around  connection  to  antenna  (eliminate  sharp  edges  and 
provide  adequate  spacings). 

i.  Mechanical  design  of  the  antenna  must  be  verified  for  safety  of  aircraft. 

The  rf  feedline  should  always  be  made  as  short  as  possible  inside  the  aircraft.  The  design  of  the 
rf  feedline  is  usually  related  to  how  close  the  antenna  coupler  is  to  other  electronics  equipment  on  the 
aircraft.  The  coupler  shown  in  figure  1  is  located  in  a  large  electronics  bay  so  extensive  grounding  and 
shielding  are  required.  Figure  3  (top  part)  illustrates  the  design  technique  used  on  the  Collins  airplane 
(and  on  other  similar  installations).  The  coaxial  type  of  shielding  around  the  antenna  lead  (feed  wire)  and 
the  lightning  arrester  confines  the  rf  ground  return  currents  inside  the  shielded  feedline.  Otherwise, 
ground  currents  will  flow  all  around  the  inside  of  the  aircraft  in  returning  to  the  coupler.  The  shield  also 
eliminates  direct  radiation  from  the  feed  wire.  In  many  installations  the  techniques  shown  in  the  bottom 
of  figure  3  are  adequate.  The  ground  strap  should  be  close  to  the  feed  wire  to  approximate  a  low  imped¬ 
ance  ground  plane  for  the  antenna  feed  wire.  The  length  to  width  ratio  of  the  ground  strap  should  not  be 
greater  than  5. 

Rf  feedline  efficiency  is  generally  not  a  problem  if  line  length  is  kept  short  (in  the  order  of  0.3  meter). 

-If  solid  dielectric  coax  line  is  used,  coax  length  has  a  large  effect  on  efficiency.  Figure  4  shows  how 
coax  line  efficiency  varies  with  line  length  when  used  with  a  typical  8-meter  wire  antenna.  Efficiency 
will  improve  if  the  antenna  is  longer  (Collins  antenna  is  14  meters  long  and  efficiency  of  C. 3-meter  line 
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is  approximately  75  percent  at  2  MHz  worse  case).  If  a  long  coax  is  required,  use  a  low-loss  high- 
impedance  type.  Large  diameter  air  dielectric  coax  is  available  for  high-voltage  applications.  If  the 
antenna  coupler  is  used  with  vibration  isolators,  flexible  feedline  connections  that  do  not  interfere  with 
isolators  are  required. 

3.1.1  High  Voltage  Design 

As  antenna  length  is  decreased,  the  antenna  coupler  must  generate  higher  voltages  to  deliver 
power  to  the  open  wire.  Depending  on  coupler  efficiency,  the  highest  voltages  will  occur  near  2  MHz. 

The  antenna  system  must  be  designed  to  handle  the  peak  voltages  that  occur  with  peak  transmitter  power 
at  the  maximum  operating  altitude  of  the  aircraft.  High-voltage  design  is  too  complex  to  be  adequately 
covered  in  this  paper,  but  some  general  rules  will  be  given.  At  Collins,  high-voltage  designs  use  the 
following  procedures: 

a.  Use  purchased  components  rated  for  operation  at  maximum  peak  and  average  operating 
voltages. 

b.  Design  to  eliminate  sharp  edges  and  points  on  high-voltage  circuits  and  nearby  ground 
circuits. 

c.  Provide  adequate  spacing  between  high-voltage  circuits  and  ground. 

d.  Perform  tests  at  limit  conditions  of  voltage,  altitude,  and  power  to  verify  arcing  or  corona 
does  not  occur. 

As  a  general  rule  a  spacing  (across  air)  of  25  mm,  with  no  sharp  edges  or  points  present,  will 
handle  approximately  10,000  peak  volts  at  30,000  feet  (9,144  meters)  altitude.  A  safety  factor  of  at  least 
50  percent  on  spacing  should  be  used.  Most  high-voltage  test  problems  are  solved  by  eliminating  sharp¬ 
ness  on  mechanical  parts  rather  than  increasing  spacing. 

Figure  5  gives  a  simplified  illustration  of  the  effect  of  altitude  on  breakdown  voltage  (based  on 
Collins  Technical  Report,  CTR-143,  1955).  The  curves  should  be  considered  only  as  guides  for  general 
information. 

3.2  Inverted  V-Wire  Antenna 

When  it  is  not  possible  to  install  at  least  8  meters  of  wire  in  the  straight  configuration,  the 
inverted  V  open  wire  antenna  as  shown  in  the  middle  of  figure  2  should  be  consider  ed.  The  inverted  V 
also  allows  the  antenna  coupler  to  be  installed  in  the  aircraft  tail  or  rear  electronics  bay.  In  small  air¬ 
craft,  there  is  often  no  forward  space  for  the  antenna  coupler,  so  the  inverted  V  is  gaining  popularity  in 
its  usage. 

The  typical  inverted  V-wire  is  approximately  8  meters  long  with  a  2-meter  vertical  section 
followed  by  a  6-meter  horizontal  section  as  illustrated.  The  wire  should  be  spaced  at  least  0.3  meter 
from  the  aircraft  skin  at  the  two  insulators.  Locate  the  tail  insulator  as  high  as  possible  on  the  tail.  The 
feedthrough  at  the  coupler  feedpoint  must  be  rated  for  10,000-peak  volts  when  a  400-watt  pep  radio  is 
used.  The  coupler  feedpoint  should  be  approximately  1  meter  forward  of  the  base  of  the  aircraft  tail  and 
near  the  top  of  the  aircraft.  The  general  rules  given  for  the  straight  wire  installation  should  be  used 
where  applicable  for  the  inverted  V-wire  installation.  Wire  length  should  be  at  least  6  meters  long. 

Impedance  data  measured  on  several  inverted  V-wire  installations  indicates  good  coupling  to  the 
airframe.  Aircraft  dimensional  resonances  appear  in  antenna  impedance  superimposed  on  wire  dimen¬ 
sional  resonances  indicating  that  the  wire  is  exciting  the  airframe. 

3.3  Short  Grounded- Wire  Antenna 

The  short  grounded-wire  antenna  shown  on  the  bottom  of  figure  2  has  been  used  where  a  minimum 
length  wire  antenna  is  desired.  This  type  of  wire  antenna  is  really  a  simplified  version  of  a  shunt-fed 
antenna  discussed  in  paragraph  4.  Two  features  leading  to  the  use  of  the  short  grounded-wire  antenna 
are  as  follows: 

a.  Minimum  wire  length  achieves  minimum  drag  and  breakage  problems  on  high  speed  aircraft. 

b.  Grounded  configuration  eliminates  the  high  voltages  associated  with  a  very  short  open  wire 
and  allows  use  at  high  altitudes. 

The  main  disadvantage  of  this  current  fed  type  of  antenna  is  low  efficiency  at  the  lower  operating 
frequencies  due  to  high  power  losses  in  the  wire.  Use  a  large  diameter  wire  with  low  loss  resistance  to 
minimize  wire  losses.  Use  low  loss  ground  connections  arid  rf  feedline  connection  to  the  coupler. 

The  wire  should  be  grounded  as  high  up  as  possible  on  the  aircraft  tall  to  minimize  radiation 
pattern  nulls  in  the  fore  and  aft  direction  of  the  aircraft. 
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Apply  the  general  rules  given  (or  the  straight  long-wire  installation  (design  (or  high  currents 
rather  than  (or  high  voltages).  I(  operation  performance  must  be  improved,  consider  using  the  shunt  (eed 
rod  con(iguration  in  paragraph  4. 

4.  SHUNT/NOTCH  ANTENNAS 

Shunt  and  notch  type  hi  antennas  are  becoming  increasingly  popular  on  modern  high  speed  or 
streamlined  aircraft.  Figure  8  shows  a  variety  o(  configurations  used  (or  this  type  of  antenna.  Figure  7 
shows  general  details  of  the  shunt/notch  antenna  configuration.  The  word  "shunt"  will  be  used  here  in 
reference  to  both  shunt  and  notch  configurations  since  the  basic  difference  between  the  two  is  the  ratio  of 
length  to  width  of  the  cutout  (dielectric)  portion  of  tne  aircraft  (as  shown  in  figure  7). 

The  shunt  (shunt  feed)  antenna  is  best  described  as  a  kind  of  transmission  line  that  uses  one  part 
of  the  aircraft  (fin  or  wing)  to  feed  the  rest.  It  can  be  located  at  various  points  on  an  airframe,  but  since 
it  functions  as  a  type  of  inductive  coupling  it  should  be  located  at  a  point  of  low  impedance  or  high  current. 
The  current  in  the  shunt  feed  loop  induces  current  in  the  airframe,  so  the  airframe,  or  a  limited  portion 
of  it,  acts  as  the  antenna.  The  coupler  feedpoint  should  always  be  located  at  the  end  of  the  shunt  feed 
which  is  closest  to  the  center  of  the  aircraft. 

The  design  of  the  antenna  first  involves  finding  a  suitable  location  for  the  dielectric  area,  and  then 
arranging  the  dimensions  of  the  shunt  feed  and  dielectric  area  to  provide  an  antenna  that  can  be  efficiently 
matched  to  50  ohms  with  a  relatively  simple  antenna  coupler.  Collins  has  developed  several  useful  guide¬ 
lines  to  consider  when  designing  a  shunt  antenna.  They  include  the  following: 

a.  Antenna  Location  -  The  first  choice  should  be  at  the  root  of  the  tail  fin  as  shown  in  most  of 
the  configurations  in  figure  8.  An  alternate  is  at  a  wing  root;  however,  vertically  polarized 
signals  are  reduced.  Keep  the  antenna  close  to  fin  or  wing  root  for  maximum  coupling  to 
aircraft, 

b.  Location  of  Antenna  Tuner  -  The  tuner  should  be  connected  to  the  shunt  feed  at  the  end  near 
the  tail  or  wing  root  to  provide  maximum  efficiency.  Proper  rf  grounding  and  shielding  will 
eliminate  rf  interference. 

c.  Dielectric  Section  -  The  dielectric  material  used  to  fill  the  opening  below  the  shunt  feed  should 
be  a  good  grade  of  fiber  glass  or  equivalent.  The  surface  must  be  sealed  to  prevent  arcing 
due  to  moisture  and  other  contamination,  and  the  metal  fasteners  used  must  be  spaced  enough 
to  prevent  arcing  and  corona. 

Experience  with  a  variety  of  antennas  (as  shown  in  figure  6)  Indicates  that  exact  sizes  and 
shapes  of  the  dielectric  areas  are  not  critical  design  parameters.  The  dielectric  area  (see 
figure  7)  should  always  be  as  deep  as  possible  for  maximum  coupling  to  the  aircraft. 

Efficiency  can  be  considered  proportional  to  dielectric  area. 

d.  Shunt  Feed  -  Since  rf  current  of  over  50  amperes  (with  a  400-watt  radio)  is  typical  near  2  MHz, 
the  shunt  feed  and  all  joints  or  connections  must  be  designed  to  have  very  low  rf  resistance. 
Sharp  edges  must  be  avoided  near  the  feed  end  where  the  highest  voltages  (typically  3000  to 
5000  volts  peak)  occur.  The  shunt  feed  is  typically  about  2.5  meters  long  with  a  dielectric 
depth  of  about  0.2  meter  at  the  feedline  end. 

e.  Antenna  Impedance  -  To  avoid  the  need  for  a  complicated  antenna  tuner,  the  antenna  impedance 
at  2.0  MHz  should  be  no  less  than  +jl7  ohms,  and  should  have  parallel  resonance  between  20 
and  30  MHz.  Series  resonance  should  be  avoided  completely  so  the  antenna  reactance  gets  no 
closer  to  resonance  than  -J100  ohms  at  30  MHz,  and  an  antenna's  greatest  Rp  should  be  less 
than  20,000  ohms  to  achieve  good  coupling.  Typically,  a  shunt  (or  large  notch)  antenna  will 
fall  within  these  parameters. 

f.  Lossy  Materials  -  Since  high  rf  current  is  present  all  around  the  dielectric  area,  no  magnetic 
materials  or  materials  of  low  conductivity  or  high  dissipation  should  be  located  in  or  near 
this  area. 

Figures  7  and  8  show  details  of  shunt  feed  antenna  Installations.  Note  the  provisions  for  locating 
the  antenna  coupler  inside  the  aircraft  skin.  The  Collins  548S-3  PA  Coupler  and  841D-1  Capacitor 
(shown  in  figure  8)  illustrate  how  the  high  antenna  currents  can  be  kept  outside  the  aircraft  skin.  The 
capacitor  resonates  the  Inductance  of  the  antenna  producing  a  large  current  flowing  around  the  rim  of  the 
dielectric  area  (also  see  bottom  of  figure  7).  The  rf  coax  feeding  the  resonant  circuit  does  not  have  to 
carry  the  high  antenna  currents.  Apply  the  same  general  rules  given  for  installations  in  paragraph  3.1. 
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4.1  Shunt/Notch  Comparison  To  Probe  Type  Antenna 

Shunt/notch  antennas  are  considered  to  have  many  advantages  over  the  older  style  probe  and  cap 
type  antennas.  These  are  the  following: 

a.  Weight  -  No  lightning  arrester  required.  Nothing  external  to  aircraft.  Small  lightweight 
antenna  tuner. 

b.  Wind  Resistance  -  Nothing  external  to  aircraft. 

c.  Antenna  Voltage  -  Maximum  voltage  is  less  than  half  that  of  probe  antenna. 

d.  Tuner  Efficiency  -  Typically  70  percent  minimum  compared  with  20  percent  minimum  for  a 
probe. 

e.  Tuner  Accessibility  -  Can  be  located  inside  cabin  near  fin  or  wing  root. 

f.  Environment  -  Coupler  does  not  have  to  be  located  at  fin  or  wing  tip  in  high  vibration  area. 

Performance  of  a  good  shunt/notch  type  antenna  system  is  comparable  to  that  for  a  probe  or  cap 
type  system.  Dual  AR1NC  systems  for  commercial  airlines  (such  as  Collins  490S-1  coupler)  are 
approximately  half  the  complexity,  size,  and  weight  of  comparable  probe  and  cap  type  systems. 

5.  TUNED  MONOPOLE  HF  ANTENNA 

A  tuned  hf  monopole  (with  load  wire)  antenna  system  is  presented  as  an  optimum  solution  for 
helicopters  and  other  small  aircraft  where  a  good  long  wire  ie  not  practical.  Figures  9  and  10  show 
system  configuration  and  installation  details  of  the  Collins  437R-2  Antenna  System.  This  miniature 
monopole  is  a  tunable  loading  coil  that  series  resonates  an  approximately  3  to  4  meters  long  load  wire, 

The  theory  of  this  antenna  is  covered  in  a  1966  AGARD  paper  "Recent  Developments  in  HF  Helicopter 
Antennas"  by  J.  D.  Cosgrove  and  R.  C.  Fenwick  of  Collins  Radio  Company.  The  section  from  this  paper 
concerning  optimum  antenna  system  configuration  follows: 

The  theory  and  patterns  presented  show  that  the  optimum  antenna  configuration  for  small  or 
medium  size  helicopters  is  an  open-ended  wire  antenna,  which  usually  must  be  side  mounted.  Since  sky- 
wave  is  favored  regardless  of  the  configuration,  it  remains  to  maximize  the  surface  wave  radiation. 
Generalized  recommendations  for  an  optimum  antenna  configuration  are  as  follows : 

a.  Spacing  of  the  wire  from  the  fuselage  should  be  as  great  as  practicable. 

b.  The  horizontal  portion  of  the  wire  should  be  as  far  below  the  fuselage  as  practicable,  or  above 
the  fuselage  if  rotor  modulation  can  be  tolerated. 

c .  A  tunable  loading  coil  should  be  inserted  in  the  wire  and  adjusted  so  that  the  input  impedance 
is  near  resonance  at  each  operating  frequency. 

The  latter  recommendation  requires  further  elaboration.  The  inclusion  of  the  tunable  loading  coil 
increases  the  vertically  polarized  radiation  typically  by  one  to  two  dB  due  to  its  effect  on  the  wire  current 
distribution.  The  major  contribution  is  the  lower  matching  loss  compared  to  what  would  be  obtained  with 
a  reasonable  size  coil  Inside  the  fuselage.  Whether  the  coil  is  placed  in  the  horizontal  or  vertical  portion 
of  the  wire  makes  little  difference.  Horizontal  coil  placement  gives  slightly  greater  gain  when  airborne, 
as  shown  by  scale  model  gain  measurements,  and  less  aerodynamic  drag;  vertical  placement  gives  greater 
gain  on  the  ground  and  is  less  susceptible  to  physical  damage.  In  most  cases,  vertical  coil  placement  is 
the  best  compromise. 

In  1963,  a  number  of  antenna  systems  were  tested  by  Collins  Radio  Company  and  the  US  Marine 
Corps  on  an  actual  helicopter  to  determine  the  best  configuration  suitable  for  helicopter  use.  The  results 
of  these  tests  showed  that  a  vertically  mounted  tunable  loading  coil  with  a  short  open-ended  wire  antenna 
was  superior  to  other  types  (that  is,  wires,  fans,  shunts,  etc).  These  tests  also  showed  that  vibration  and 
rotor  modulation  are  of  major  concern  in  hf  SSB  communications. 

It  should  be  noted  that  the  tunable  loading  coil  does  not  make  use  of  any  new  or  unusual  principle 
in  its  operation  as  can  be  seen  in  the  preceding  theoretical  discussions.  The  usefulness  of  the  tunable 
loading  coil  lies  in  the  fact  that  it  is  a  practical  approach  toward  producing  vertically  polarized  signals 
at  low  (2  to  6  MHz)  hf  frequencies.  Its  effectiveness  is  directly  dependent  on  the  use  of  an  antenna  coupler 
and  the  antenna/antenna  coupler  system  interface,  which  allows  its  use  with  conventional  hf  SSB 
transceivers. 
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One  of  the  key  decisions  made  during  the  early  study  phase  was  to  use  a  tunable  loading  coil  as  an 
extension  of  the  tuning  capability  of  a  general  purpose  antenna  coupler.  This  method  was  preferred  over 
the  solution  of  placing  all  the  tuning  elements  in  the  tunable  loading  coil,  the  reasons  for  which  were  as 
follows : 

a.  Typically,  airborne  SSB  transceivers  require  a  1.3:1  swr  (50  ohms)  or  less  at  their  output 
terminals  to  achieve  rated  performance.  This  means  that  the  antenna  circuit  must  be  tuned 
accurately.  Precise  tuning  elements  are  required.  To  place  these  elements  in  the  severe 
vibrational  environment  of  the  tunable  loading  coil  outside  of  the  helicopter  would  impose 
difficult  design  restrictions. 

b.  Since  the  loading  coil  should  be  mounted  as  far  from  the  fuselage  as  possible,  it  is  mandatory 
that  weight  be  kept  to  a  minimum. 

c.  A  tunable  loading  coil  that  is  operated  (slaved)  by  an  antenna  coupler  can  be  produced  as  an 
accessory  item.  Since  the  antenna  coupler  is  general  purpose,  it  can  be  produced  at  a  high 
rate  thus  lowering  the  overall  cost  of  the  system. 

d.  If  the  tunable  load  coil  is  damaged,  the  coupler  can  tune  the  remaining  portion,  thus  main¬ 
taining  communications. 

e.  The  antenna  coupler  can  be  used  on  larger  aircraft  using  fixed  wire  antennas  or  at  fixed 
stations  using  whips  or  wires.  The  use  of  this  common  coupler  reduces  inventory,  logistics 
support,  and  maintenance  requirements. 

Figures  9  and  10  shew  how  the  437R-2  system  conforms  well  to  the  general  recommendations  of 
the  1966  paper. 

Methods  of  choosing  the  mounting  location  of  the  437R-2  and  load  wire  for  best  performance  are 
outlined  in  figure  9.  Top  mounting  should  be  used  if  possible.  On  helicopters,  the  437R-2  must  be 
located  on  the  bottom  of  the  aircraft  (as  shown)  to  eliminate  rotor  blade  modulation  problems.  Rigid 
support  of  the  wire  is  required  to  eliminate  vibration  induced  movement  that  can  detune  the  high  Q 
antenna.  The  wire  that  extends  back  toward  the  tail  of  the  aircraft  is  necessary  for  optimum  efficiency 
and  to  provide  excitation  for  horizontally  polarized  signals.  Radiating  characteristics  of  the  antenna 
system  are  improved  as  the  distances  from  the  wire  to  the  aircraft  skin  are  increased. 

The  system  pictorial  drawing  (figure  10)  shows  that  provisions  for  very  adequate  rf  bending  and 
grounding  are  inherent  in  this  design.  The  rf  line  between  the  548S  mount  (99006)  is  coaxially  shielded 
(including  connectors)  to  effectively  eliminate  rf  interference  inside  the  aircraft.  Mounting  vibration 
isolators  have  rf  bypass  straps  to  the  mounting  shelf,  which  serves  as  a  good  rf  ground  when  bonded  to 
the  inside  of  the  aircraft  skin  near  the  437R-2. 

Special  rf  feedline  considerations  are  used  with  the  437R-2.  High  impedance  (95  ohms)  coax  is 
used  to  reduce  losses  and  minimize  stray  shunt  capacity.  The  end  of  the  load  wire  is  normally  open 
circuited,  but  in  some  installations  a  series  L-C  network  (load  termination)  is  used  to  control  the 
impedance  near  30  MHz  to  optimize  efficiency. 

The  same  general  rules  given  for  antenna  installation  in  paragraph  3.1  should  be  followed  along 
with  those  given  here. 

6.  CONCLUSION 

A  variety  of  hf  antenna  systems  have  been  discussed  in  applications  for  small  aircraft.  This 
information  is  intended  to  provide  practical  background  information  to  the  antenna  designer  or  installer 
and  help  achieve  better  understanding  of  optimized  antenna  systems.  Knowledge  of  different  types  of 
antenna  systems  is  just  a  starting  point  toward  antenna  design.  Each  different  application  will  present 
some  unique  problems.  The  final  result  is  the  tested  proof  of  performance  and  successful  hf 
communication. 
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Figure  2.  Wire  Antenna  Types 
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Figure  3.  Wire  Antenna/Coupler  Shielding  and  Bonding  Techniques 
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Figure  6.  Shunt/Notch  Antenna  Types. 


Figure  7.  Shunt/Notch  Antenna  Details. 


Figure  8.  Shunt /Notch  Antenna  -  Typical  Installation 
With  Colllne  5488  and  641D. 


437R-3  TUNED 
MONOPOLE 


1.  MOUNT  THE  437R-2: 

-CLOSE  AS  POSSIBLE  TO  HORIZONTAL  CENTER  OF  AIRCRAFT  (H;  AND 
SIDE  TO  SIDE  CENTER  (S) 

-AS  FAR  AS  PRACTICAL  ABOVE  OR  BELOW  VERTICAL  CENTER  OF  AIRCRAFT 
(V)  (ON  HELICOPTER  MOUNT  ON  BOTTOM  ONLY-AWAY  FROM  MAIN  ROTOR) 

2.  LOAD  WIRE 

-LENGTH  10  TO  15  FEET  (3.05  TO  4.07  M) 

-SPACE  AS  FAR  AS  POSSIBLE  FROM  AIRCRAFT  SKIN  (MINIMUM  OF 
1  FOOT  (0.3M)  AT  END).  USE  10,000  VOLT  STANDOFFS  AND 
INSULATOR/LOAD  TERMINATION  (SEE  INSTRUCTION  BOOK) 

-KEEP  TIGHT  TO  PREVENT  MOVEMENT  FROM  WIND  AND  VIBRATION 
-ROUTE  IN  RELATIVELY  STRAIGHT  LINE  TOWARD  REAR  OF  AIRCRAFT 


Figure  0.  Tuned  Monopole  Antenna  Types  (Collins  437R-2). 
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DISCUSSION 


C. B. COOPER:  The  V-antenna  described  Is  aasymetrio  -  It  could  be  fed  at  either  extreme, 
or  at  tfce  apex  point,  possibly  with  some  physical  rearrangement.  Is  there  known  to  be 
particular  merit  for  any  feed  point? 

2.  The  monopole  loading  system  for  a  helicopter  antenna  shows  a  load  termination  at 
the  extreme  aft  end  of  the  wire.  What  If  anything  is.  needed  aft  of  this  unit  In  order  to 
make  It  work? 

R.g. DEAgY:  1.  There  is  better  vertically  polarized  radiation  when  fed  from  the  aft 
extremity,  since  the  higher  currents  then  flow  in  the  near  vertical  section. 

2.  The  load  termination  is  an  insulator  for  most  installations.  On  some  helloopters, 
a  series  L-C  circuit  resonating  Just  above  30  KHz  is  used  in  order  to  improve  the  tuning 
efficiency  near  30  MHz. 


VERY  SLIM,  HIGH  GAIN 
PRINTED  CIRCUIT  MICRONAVE  ANTENNA 
FOR  AIRBORNE  BLIND  LANDING  AID 

By:  W.Hersch  Ph.D.  B. Sc. (Eng.)  M.I.E.E. 

(MEL  Equipment  Company  Ltd.) 

SUMMARY 

A  very  slim  stripline  microwave  antenna  designed  for  C  -  Band 
consists  basically  of  two  selectively  etched  POLYGUIDE  boards. 
The  integral  radiating  elements  are  2  stacked  dipoles,  backed 
by  a  reflector,  yielding  a  cardioid  shaped  beam  approximately 
40  degrees  wide.  An  aerodynamically  shaped  radome  and  the 
use  of  high  temperature  materials  makes  this  antenna  suitable 
for  all  supersonic  aircraft. 


Antennas  used  for  navigational  purposes  and  in  particular  antennas  for  Blind  Landing 
Aids  must  exhibit  a  carefully  controlled  polar  diagram.  In  one  Blind  Landing  System 
known  as  MADGE  (  Microwave  Airborne  Digital  Guidance  Equipment  ) ,  which  uses  vertical 
polarisation  the  beamwidth  in  elevation  need  only  be  wide  enough  to  accomodate  the  vari¬ 
ation  in  pitch  of  the  aircraft  during  the  approach  phase,  typically  ±  20  degrees,  whereas 
omnidirectional  cover  is  required  in  the  azimuth  plane. 

At  microwave  frequencies,  no  single  antenna  1 

can  provide  omnidirectional  cover  due  to  obscur-  |  I 

ation  by  the  fuselage  and  hence  2  antennas  are  B711  "T  ""  y\ 

employed,  one  fora  and  one  aft,  which  are  alter-  I 

nately  connected  to  the  transmitter /receiver.  ■  f  j — \ 

By  way  of  explanation,  Figure  1  shows  schem-  B 

aticaily  a  coaxial  cable-fed  version  of  the  j  u  i  1  y 

basic  conflguraton.  The  equivalent  arrange-  I  I 

ment  in  stripline  is  illustrated  in  the  explod-  ■  I 

ed  view  of  Figure  2.  The  outsides  of  the  two 
copper  clad  POLYGUIDE  boards  are  here  selective¬ 
ly  etched  so  that  the  two  halves  of  each  dipole  Figure  1  f 

are  integrally  formed  on  separate  panels.  The 

stripline  feeder  including  the  power  splitter  st? 

and  quarter  wave  matching  sections  are  produced 
by  photo  etching  on  the  inside. 

The  two  panels  are  held  together  by  rivets,  4^  i 

spaced  in  such  a  way  that  they  form  chokes  thus 
suppressing  radiation  resulting  from  unbalanced 
parallel  plate  modes.  The  centrally  placed  load  I  By 

in  the  4th  arm  of  the  power  splitter  has  only  I 

to'  absorb  reflected  power  due  to  asymmetry  bet-  r] 

ween  the  two  dipoles  and  in  a  well  balanced  ass-  ! 

embly  may  be  omitted  altogether.  It  becomes  ^ 

thus  possible  to  design  a  physically  short  an-  [ 

tenna  and  yet  to  maintain  a  10  :  1  cord  ratio 
stipulated  for  supersonic  aircraft. 

None  of  the  microwave  components  are  highly  Figure  2 

frequency  sensitive  and  hence  a  match  of  1.5  :  1 

can  readily  be  maintained  over  a  5t  frequency  band.  The  complete  assembly  is  normally 
enclosed  in  an  aerodynamically  shaped  radome  which,  because  of  the  inherent  slimness  of 
stripline,  results  in  a  blade  like  appearance,  see  Figure  i. 


Figure  3 


A  typical  free  space  radiation  pattern  is  shown  in  familiar  polar  coordinates 
in  Figures  4  and  5. 
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Figure  4  (Azimuth) 


Figure  5  (Elevation) 


-2 


The  azimuth  pattern  can  be  modified  within  limits  by  enlarging  the  reflecting  edge 
of  the  stripline  assembly.  For  instance,  the  addition  of  metal  strips  4  mm  wide,  bond¬ 
ed  to  the  outside,  will  reduce  the  azimuth  beamwidth  from  -  120  degrees  to  ±  80  degrees, 
with  a  corresponding  increase  in  gain 
in  the  forward  direction  of  1  dB,  as 
illustrated  in  the  X  -  Y  plot,  Fig. 6 
in  which  the  enlarged  scale  demonstrat-  dB 
es  the  effect  of  small  changes  more 
clearly. 

The  elevation  pattern,  perfectly 
smooth  when  measured  under  'free  space' 
conditions,  can  suffer  fluctuations 
typically  of  the  order  of  ±  4  dB  due 
to  reflection  from  the  fuselage,  but 
careful  siting  of  the  antenna,  where 
this  is  possible,  can  considerably 
minimise  the  effect. 

Since  various  types  of  aircraft 
are  going  to  be  equipped  with  the 
MADGE  Blind  Landing  Aid,  3  slightly 
different  versions  of  the  antenna 
have  been  produced  with  upward  beam 
tilts  of  0°  ,  14°  and  28°,  to  cater 
for  installation  conditions  typic¬ 
ally  encountered  in  practice. 
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POLYROD  AERIALS  FOR  AVIONIC  APPLICATIONS 

by 

M.  Scorer 
A.M.  Smith 

Me rconi- Elliott  Avionic  System*  Ltd 
Elstree  Way 
Borehamwood 
Hertfordshire 
WD6  1RX 
England 


SUMMARY 


This  paper  investigates  the  effect  of  adding  rectangular  dielectric  slabs,  having  cross  sections  of 
the  order  of  tens  of  square  wavelengths,  to  the  aperture  of  an  aerial  with  a  view  to  increasing  its  gain. 

A  theory  has  been  developed  to  describe  the  performance  of  such  an  aerial  and  has  been  verified 
experimentally.  Theoretical  and  experimental  curves  of  gain  enhancement  versus  slab  length  for  slabs 
having  various  dielectric  constants  are  presented.  Hybrid  slabs,  comprising  sections  of  different 
dielectric  constants,  have  been  designed  according  to  the  theory  and  show  improved  performance  over 
slabs  of  constant  dielectric  constant.  Slabs  excited  by  feeds  whose  apertures  have  cross  sections  smaller 
than  the  slab  cross  section  have  also  been  examined. 

1.  INTRODUCTION 

In  most  airborne  radar  applications  the  gain  that  can  be  obtained  from  the  aerial  is  at  a  premium, 
and  with  conventional  reflector  or  planar  array  aerials  a  large  cross-sectional  area  is  needed  to  achieve 
high  gain.  In  practice,  sufficient  space  to  accommodate  these  aerials  is  not  always  available  in  the  parts 
of  an  aircraft,  such  as  the  nose  and  tail,  in  which  the  aerial  and  its  associated  equipment  must  be  instal¬ 
led.  This  paper  describes  a  composite  aerial  in  which  a  dielectric  slab  is  mounted  in  front  of  a  conven¬ 
tional  aerial  to  enhance  its  gain.  The  composite  aerial  can  have  a  variety  of  sir-es  and  shapes  to  suit  the 
space  available.  However,  this  paper  is  principally  concerned  with  the  case  where  the  cross-section  of 
the  aerial  is  rectangular  and  several  tens  of  square  wavelengths  in  area.  It  will  be  shown  that  for  the 
type  of  avionic  application  envisaged,  the  required  dielectric  constant  is  low  (around  1.1)  and  so  the 
aerial  can  be  made  from  lightweight  natural  dielectric  foams  or  an  artificial  dielectric  if  extreme  lightness 
is  required. 

The  dielectric  slab  achieves  gain  enhancement  in  two  ways.  Firstly,  energy  from  the  feed  is 
coupled  into  a  surface  wave  mode  which  propagates  along  the  slab  and  is  radiated  from  its  free  end. 

This  surface  wave  mode  has  a  field  distribution  which  can  extend  beyond  the  boundaries  of  the  slab  and 
hence  form  a  radiating  aperture  which  is  larger  than  the  feed  aperture.  In  addition,  energy  is  radiated 
directly  from  the  feed/slab  interface  and  beats  with  the  radiation  from  the  free  end  of  the  slab. 

Conventional  dielectric  aerials  which  have  a  cross  section  which  is  small  compared  to  a  wavelength 
and  which  use  relatively  high  dielectric  constant  material  have  been  extensively  studied.  However,  in  the 
case  where  the  basic  aerial  has  a  cross  section  of  several  square  wavelengths,  no  information  has  hitherto 
been  available  concerning  the  optimisation  of  parameters  such  as  dielectric  constant  and  geometry. 

The  aim  of  this  paper  is  to  establish  a  model  which  is  capable  of  furnishing  such  design  information. 

2.  TWO  APERTURE  MODEL 

The  behaviour  of  a  dielectric  enhanced  aerial  can  be  described  by  utilising  a  two  aperture  model 
(COLLIN,  R.E.,  1969,  GALLETT,  I.N.L.,  1973).  This  model  assume*  that  some  of  the  energy  is  radiated 
from  the  feed/slab  Interface  and  the  remainder  is  launched  into  a  surface  wave  which  is  propagated  along 
the  slab  and  is  radiated  from  its  free  end.  The  radiation  pattern  of  the  composite  aerial  is  determined 
by  the  vector  addition  of  the  radiation  from  the  two  ends  of  the  slab. 

In  order  to  utilise  this  model  it  is  necessary  to  determine  the  propagation  characteristics  of  the 
surface  wave  and  to  determine  the  forms  of  the  effective  aperture  distribution  at  the  free  end  of  the  slab, 
and  at  the  feed/slab  Interface. 

The  first  part  of  the  theoretical  analysis  solves  the  electromagnetic  boundary  problem.  In  the  case 
of  slabs  with  circular  or  elliptical  cross  section,  the  propagation  constants  can  be  found  analytically 
(JAMES,  J.R.,  1967,  YEH,  C.,  1962)  but  for  slabs  of  rectangular  cross  section  the  Point  Matching 
Technique  has  to  be  used.  (JAMES,  J.R.,  1972,  GALLET,  I.N.L.,  1972)  and  (BATES,  R.H.T.,  JAMES,  J.R., 
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GALLETT,  I.N.L.,  MILLAR,  R.F, ,  1973),  Solution  of  the  resulting  transcendental  equation  yield*  the 
propagation  constants  for  the  various  modes.  Typical  mode  charts  for  rectangular  slabs  are  shown  in 
Figure  1.  The  parameter  (l  is  the  phase  constant  for  the  surface  wave  and  takes  account  of  both  the 
dielectric  constant  and  the  guiding  effects  of  the  slabs.  The  mode  designations  are  those  used  by 
(MARCATELLI,  E.A.J.,  1969)  and  by  (GOELL,  J.E.,  1969)  and  are  classified  according  to  the  symmetry 
properties  of  the  electric  field.  The  mode  nomenclature  is  such  that  the  superscript  denotes  the  direction 
of  the  electric  vector  and  the  subscripts  give  the  number  of  regions  of  power  concentration  in  the  x  and  y 
directions.  The  lowest  order  hybrid  modes  which  have  plane  wave  fronts  are  of  importance  in  the  practical 

work.  These  are  the  E*j  and  the  E^  modes  which  are  illustrated  in  Figure  2.  The  density  distributions 

of  these  modes  are  approximately  Gaussian  in  form  and  consequently  the  radiation  from  the  free  end  of 
the  slab  (which  we  will  call  the  termination  radiation)  also  has  approximately  Gaussian  form.  Previous 
workers  have  usually  assumed  that  the  direct  radiation  from  the  feed/slab  interface  may  be  assumed  to 
be  derived  from  an  aperture  distribution  which  has  an  identical  form  to  that  of  the  feed  but  which  is 
reduced  in  amplitude.  However,  a  more  realistic  model  assumes  that  the  distribution  at  the  feed/slab 

interface  is  the  difference  between  the  original  feeder  distribution  and  that  of  the  E^  ,  or  Ej  mode 

which  is  propagated  on  the  dielectric  slab.  This  distribution  may  be  either  predominantly  negative 
or  predominantly  positive  depending  on  the  relative  amplitudes  and  forms  of  the  surface  wave  and 

feed  distributions.  Thus,  in  some  cases  there  will  be  a  160°  phase  shift  between  the  two  apertures 

and  in  other  cases  a  0°  phase  shift. 

Before  the  complete  radiation  pattern  of  the  dielectric  enhanced  aerial  can  be  calculated,  the 
relative  amplitudes  of  the  radiation  from  each  of  the  two  apertures  must  be  determined.  These  have  been 
ascertained  empirically  by  fitting  to  the  measured  result  for  one  particular  case.  The  deduced  amplitudes 
may  then  be  used  to  calculate  a  generalised  family  of  results. 

An  important  property  in  assessing  a  dielectric  enhanced  aerial  is  the  amount  of  gain  enhancement 
obtained.  This  is  defined  as  the  difference  between  the  gain  of  the  combined  feed  and  dielectric  slab  and 
that  of  the  feed  alone.  Curves  of  gain  enhancement  have  been  calculated,  using  the  above  theory,  for 
slabs  of  various  dielectric  constants  and  are  presented  in  Figure  4. 

To  achieve  a  significant  amount  of  gain  enhancement  from  a  dielectric  slab  aerial  the  two 
radiating  apertures  have  to  be  correctly  phased  to  give  constructive  interference.  The  particular  case 
examined  of  a  rectangular  horn  of  aperture  9.5  Aq  by  2.4  Ao  is  found  to  have  an  inherent  180  phase 

difference  between  the  termination  aperture  and  feed/slab  aperture.  The  separation  of  the  apertures 
i.e.  the  length  of  slab,  therefore  has  to  be  adjusted  to  give  another  180  of  phase  so  that  the  maximum 
gain  enhancement  may  be  obtained.  This  basic  result  of  the  model  has  been  used  to  design  uniform  and 
non-uniform  dielectric  constant  slab  serials  to  give  an  optimised  performance. 

3.  EXPERIMENTAL  INVESTIGATION 

The  experiments  involved  measurements  of  the  gain  and  far  field  radiation  patterns  of  various 
dielectric  enhanced  aerials.  In  some  cases  it  was  necessary  to  measure  both  the  phase  and  amplitude  of 
the  radiation  pattern. 

The  simplest  experiments  involved  measuring  the  variation  in  gain  when  slabs  having  differing 
dielectric  constants  and  lengths  weie  mounted  in  front  of  a  horn  aerial  whose  aperture  was  9.5  by 

2.4  Aq.  The  experimental  arrangement  is  illustrated  in  Figure  3.  In  each  case  the  overall  aerial  gain 

was  measured  as  the  length  of  the  slab  was  increased  up  to  a  maximum  of  50  Xq,  and  for  the  higher 

dielectric  constant  slabs,  sufficient  length  was  available  to  show  an  approximately  sinusoidal  gain 
variation.  The  measured  results  are  shown  in  Figure  4  where  they  are  compared  with  the  theoretical 
curves  which  were  obtained  in  the  manner  previously  outlined.  The  periodicities  and  amplitudes  of  the 
theoretical  and  measured  results  are  in  good  agreement  which  not  only  endorses  the  two-aperture  model 
but  confirms  that  the  calculated  values  of  P  are  in  close  correspondence  with  the  assumed  nominal 
values  of  the  permittivity  of  the  dielectric  material. 

In  the  case  where  the  slab  had  a  dielectric  constant  of  1.1,  results  were  obtained  with  the 
electric  vector  parallel  to  both  the  long  and  the  short  sides  of  the  slab  corresponding  to  the  slab 

supporting  the  E*^  and  E^  modes  respectively.  These  are  presented  in  Figure  5  from  which  it  can  be 

X  V 

seen  that  the  E^  mode  gave  a  peak  gain  enhancement  of  about  3.3dB  whereas  the  E'^  mode  gave  a  peak 
enhancement  of  about  2dB. 

The  twoaperture  model  was  examined  in  more  detail  by  separating  the  contributions  of  the 
two  apertures  using  the  method  of  (ZUCKER  and  STROM,  J.A.,  1970).  This  method  involved  measuring 
the  phase  and  amplitude  oi  the  radiation  from  the  composite  aerial  in  the  far  field  as  the  separation  of 
the  two  apertures  was  varied.  It  was  assumed  that  as  the  length  of  the  dielectric  slab  was  varied,  thereby 
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altering  the  separation  of  the  two  apertures,  the  contribution  from  the  feed/slab  aperture  remained 
constant  while  that  from  the  termination  aperture  was  constant  in  amplitude  but  varied  in  phase. 

The  vector  addition  of  these  two  signals  results  in  a  circle  centred  on  the  junction  of  the  two  vectors 
having  a  radius  equal  to  the  amplitude  of  the  termination  aperture  vector. 

Measurements  were  made  on  a  rectangular  slab  of  dielectric  constant  1.1  fed  by  a  horn.  These 

measurements  were  made  at  1  scan  angles  up  to  20  off  boresight  for  each  slab  length  as  the  latter  was 

reduced  in  steps  of  1.56  X  •  Both  polarisations  were  used  i.e.  with  the  electric  vector  parallel  to  both  the 

o 

long  and  short  sides,  and  the  aerial  was  scanned  in  both  the  E  and  H  planes  resulting  in  four  sets  of 
measurements.  For  each  set  of  measurements  polar  plots  were  drawn  to  allow  the  contributions  from 
the  two  apertures  to  be  separated.  A  typical  plot  is  shown  in  Figure  6.  The  radiation  patterns  of  each 
aperture  obtained  from  this  measurement  are  presented  inFigures7  -  10  as  curves  A  and  B.  The  pattern 
which  was  obtained  without  the  slab  in  front  of  the  horn  is  shown  in  the  figures  as  curve  C.  From  the 
model  outlined  earlier,  the  feed/slab  radiation  pattern  may  also  he  obtained  by  differencing  the 
measured  horn  and  derived  termination  patterns  (curve  C  -  curve  A)  and  this  result  is  shown  as  curve  D. 
The  two  curves  for  the  feed/slab  radiation  pattern  are  in  good  agreement. 

The  two-aperture  model  enables  the  length  of  the  slab  to  be  chosen  so  that  the  radiation  from  the 
two  apertures  adds  in  phase  to  produce  gain  enhancement.  This  model  has  been  used  to  design  hybrid  slabs 
composed  of  several  different  dielectric  constant  materials  of  uniform  cross  section.  The  objective  was 
to  obtain  a  slab  onto  which  the  energy  from  the  horn  could  be  launched  efficiently  while  retaining  a  high 
gain  termination  radiation  pattern.  The  former  requires  the  field  of  the  surface  wave  to  be  confined 
within  the  horn  aperture  dimensions  i.e.  for  the  slab  to  have  a  high  dielectric  constant,  whereas  the 
latter  necessitates  a  large  virtual  aperture  i.e.  a  low  dielectric  constant  slab. 

In  order  to  investigate  the  effects  of  hybrid  slabs  a  reference  aerial  was  selected  which  comprised 

a  10.9X  long  slab  of  dielectric  constant  1.1.  This  slab  length  was  chosen  so  that  constructive  interference 
o 

between  the  two  apertures  occurred.  A  two  component  hybrid  slab  (fs  1.1,  1.2)  was  designed  by  choosing 
the  lengths  of  the  individual  sections  so  that  constructive  interference  of  the  radiation  from  the  two 
apertures  was  obtained.  The  slab  was  constrained  to  have  an  overall  length  of  10.9  XQ.  The  E  and  H  plane 

radiation  patterns  of  the  resulting  aerial  are  shown  in  Figure  11  together  with  the  radiation  patterns  of 
the  reference  aerial.  When  these  patterns  are  compared  with  those  of  the  reference  aerial  (which  has 
the  same  form  of  termination  pattern)  it  is  seen  that  the  H  plane  sidelobes  have  been  reduced  to  -17.6dB 
compared  with  -10.6dB.  The  gain  enhancement  has  also  been  slightly  reduced  (2.6dB  compared  with 
3.25dB)  due  to  a  slight  increase  in  the  H  plane  bcamwidth.  The  E  plane  pattern  is  unaffected. 

A  hybrid  slab  composed  of  more  component  sections  would  have  less  abrupt  junction  discontinuities 

which  might  therefore  cause  less  radiation  from  the  junctions  and  hence  lower  the  sidelobe  levels  still 

further.  Consequently  a  3-component  hybrid  slab  (c  =  1.2,  1.14,  1.1)  whose  overall  length  was  also  10.9  X 

o 

was  evaluated.  The  lengths  of  its  sections  were  chosen  so  that  constructive  interference  occurred  between 
the  two  apertures.  The  resulting  E  and  H  plane  radiation  patterns  are  shown  in  Figure  12.  In  this  case 
the  H  plane  sidelobes  were  reduced  to  -18.2dB  but  the  H  plane  beamwidth  improved  to  give  a  gain 
enhancement  of  3dB.  The  E  plane  pattern  was  again  unaffected. 

A  further  3-component  hybrid  slab  which  was  also  constrained  to  a  length  of  10.9  XQ  was  investi¬ 
gated.  This  had  a  termination  section  having  a  lower  dielectric  constant  them  the  previous  slab  (1.04  as 
compared  with  1.1)  and  would  therefore  be  expected  to  have  a  larger  virtual  aperture  and  increased  gain. 
The  dielectric  constants  of  the  remaining  sections  were  unaltered  so  that  the  launching  conditions  were 
unchanged  but  the  lengths  of  the  sections  had  to  be  adjusted  to  give  constructive  interference  again. 

However,  the  measured  results  shov/ed  a  slight  decrease  in  gain  (0,4dB).  This  is  probably  due  to  the 
greater  discontinuity  occurring  at  the  last  junction  resulting  in  increased  sidelobes. 

Finally,  a  7 -component  hybrid  slab(f=  1.4,  1.3,  1.2,  1.14,  1.1,  1,04  and  1.02)  with  an  overall 
length  of  10.9  XQ  was  again  designed  to  give  constructive  interference  between  the  two  apertures.  The  E 

and  H  plane  radiation  patterns  of  this  structure  are  shown  in  Figure  13.  The  H  planes  have  been  further 
reduced  to  about  -23dB  but  once  again  the  H  plane  beamwidth  has  increased  resulting  in  a  slightly 
reduced  gain  enhancement  of  2.5dB,  The  E  plane  is  still  unaffected. 

In  summary  the  use  of  a  hybrid  ^electric  constant  slab  instead  of  a  uniform  one,  reduces  the 
H  plane  sidelobe  level.  The  improvement  in  sidelobe  level  increases  with  the  number  of  sections  used 
and  with  a  seven  section  slab  the  sidelobe  level  was  -23dB  which  compares  with  -10.6dB  for  a  uniform 
slab. 

3. 1  Reduced  Height  Feeds 

In  most  avionic  applications  the  aerial  housing  will  have  a  curved  cross  section  and  there  is  a 
possibility  of  using  a  similarly  curved  dielectric  slab  to  enhance  the  gain.  However,  feeding  such  an 
aperture  with  a  plane  wave  often  presents  engineering  difficulties  and  there  tend  to  be  advantages  if  the 
shaped  slab  can  be  fed  by  a  smaller  rectangular  cross  sectioned  feed.  This  section  considers  whether  the 
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use  of  such  a  rectangular  feed  significantly  impairs  the  performance  of  the  composite  aerial. 

Some  experiments  were  conducted  on  the  effect  of  reducing  the  height  of  the  horn  feeding  a 
rectangular  cross  sectioned  slab  to  examine  the  effects  on  the  gain  of  the  composite  aerial. 

The  measurements  were  made  using  a  slotted  waveguide  array  with  an  associated  horn  which 

flared  out  to  an  aperture  approximately  30  X  by  3  X  .  The  array  had  a  -18dB  cosine  taper  across  its 

o  o 

larger  dimension  and  its  E  vector  was  parallel  to  this  direction.  The  height  of  the  horn  could  be  reduced 

X 

in  stages  down  to  1.5  Xq.  This  feed  was  used  to  excite  the  Ej  ^  mode  on  a  rectangular  cross  section  slab 
of  dielectric  constant  1.08  whose  length  could  be  increased  in  stages  up  to  a  maximum  of  1  6  XQ. 

Table  1  summarises  the  results  for  the  case  when  the  feed  occupied  half  the  height  of  the  slab. 

It  can  be  seen  that  when  the  slab  was  7.8  A^  long  and  the  feed  occupied  half  the  height  of  the  slab  the  gain 

of  the  composite  aerial  was  reduced  by  3.3dB  compared  with  that  obtained  with  a  full  size  feed.  When  the 
slab  length  was  increased  to  15.6  A^,  the  sacrifice  in  gain  with  the  half  height  feed  was  reduced  to  1.  6dB. 

This  probably  represents  the  best  that  can  be  achieved  with  this  dielectric  constant  slab  as  15.6  XQ  is 

approaching  the  correct  length  for  constructive  interference  between  the  radiation  from  the  termination 
and  feed/slab  interface  apertures. 

SLAB  LENGTH 


Height  of 
Feed  Horn 

7.8  A 
Lengfti 

9.3  A 
Lengfti 

10,9  A0 
Length 

12.5  A 
Length 

14  X 
Length 

15.6  X 
Length 

1.5  A 

0 

25.7dB 

26.8dB 

27.  ldB 

28.3dB 

28.9dB 

29.0dB 

3  X 

29.0dB 

29.4dB 

29.8dB 

30.2dB 

30. 6dB 

30. 6dB 

TABLE  I 


Comparison  of  the  total  gain  of  dielectric  enhanced  horn  witli  full  and  half  height  feeds, 

4.  CONCLUSIONS 

A  two  aperture  model  has  been  developed  which  describes  the  performance  of  a  dielectric  enhanced 
aerial  and  has  been  verified  experimentally  by  far  field  phase  and  amplitude  measurements.  Theoretical 
and  experimental  curves  of  gain  enhancement  versus  slab  length  have  been  obtained  and  show  good 
agreement,  providing  further  endorsement  of  the  two  aperture  model  and  confirming  that  the  calculated 
values  of  are  in  close  correspondence  with  the  assumed  nominal  values  of  permittivity. 

In  the  case  of  the  mode  of  propagation  the  optimum  permittivity  is  less  than  1.1  for  slabs 

having  lengths  greater  than  5  Xq  and  with  cross  sections  9.5  Xq  by  2.4  X^  resulting  in  gain  enhancements 

in  excess  of  0.5dB.  However,  it  has  been  found  that,  for  a  slab  of  dielectric  constant  1.1,  use  of  the 
x 

Ejj  mode  of  propagation  can  give  a  gain  enhancement  which  is  up  to  2dB  greater  than  that  obtained  for 
the  E^  mode  of  propagation. 

The  sidelobe  performance  of  dielectric  enhanced  aerials  can  be  substantially  improved  by  the 
use  of  hybrid  slabs  and  these  may  be  designed  using  the  theory  which  has  been  developed. 

We  conclude  therefore  that  a  model  has  been  established  which  is  capable  of  describing  the  per¬ 
formance  of  a  dielectric  enhanced  aerial  and  can  furnish  the  necessary  design  information. 
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DISCUSS IOM 


I.W.  BAZlSli  Did  the  measured  inoreaae  in  gain  correlate  with  the  measured  reduction 
in  beam  widths  (i.e.  were  there  dielectric  losses?). 

A.li.  SMITH:  The  correlation  was  good  whioh  indicated  that  the  losses  were  negligible. 

3.  CORNBLEBT:  Does  not  the  reduction  in  dlelectrio  constant  agree  with  that  of  the 
normal  tapering  of  polyrods?. 

A.M.  SMITH:  The  principle  behind  the  normal  tapering  of  polyrods  is  to  aohieve  good 
launching  efficiency  while  maintaining  a  high  gain  radiating  aperture  which  are  opposing 
requirements  solved  by  tapering  the  diameter  of  the  rod  so  that  it  does  not  radiate  along 
its  length.  We  ohose  our  high  dielectric  constant  launch  section  and  low  dielectric  constant 
termination  section  to  achieve  the  same  effeots  and  also  the  lengths  of  the  individual 
sections  were  chosen  so  that  construction  interference  occured  at  the  termination  aperture 
between  the  wave  inside  the  rod  and  the  free  space  radiated  from  the  launch  aperture.  This 
latter  condition  also  affects  the  gain  in  the  type  of  polyrod  we  considered  ( dimensions >X#) . 

We  have  made  hybrid  rods  with  sections  having  identical  effective  refraction  indices 
both  by  varying  dielectric  constants  and  stepping  the  cross  sectional  size.  The  latter  gave 
completely  different  redlation  patterns  to  the  formev. 

We  do  not  know  the  explanation  for  this  phenomenon.  It  could  be  that  the  Internal 
radiating  aperture  at  the  temlnation  end  of  the  rod  is  a  different  function  of  the  dimensions 
and  dleleotrio  constant  than  the  effective  refraction  index.  If  so.  making  the  latter  equal 
in  the  two  cases  would  not  ensure  equal  gain  from  the  aperture. 
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LINEAR  PHASED  ARRAY  FOR  YAW  STABILISATION 
by 

D  S  Hicks 

Royal  Radar  Establishment,  Malvern,  England 


SUMMARY 

The  theoretical  performance  of  a  linear  digital  phased  array  with  both  equal  and  unequal  inter¬ 
element  spacing  has  been  investigated  with  the  aid  of  a  computer  program  written  in  ALGOL  68R.  Three 
aerials  have  been  studied.  The  first  is  a  conventional  linear  phased  array  in  which  each  element  con¬ 
sists  of  a  waveguide  horn.  The  elements  are  placed  side  by  side  to  form  a  "fully  filled"  aperture.  The 
other  two  arrays  consist  of  identical  waveguide  horn  elements  but  the  spacing  is  not  equal.  Two  arbit¬ 
rarily  chosen  spacing  laws  were  studied  each  of  which  had  an  exponential  form. 

The  loss  in  gain  due  to  phase  quantization  has  been  calculated  and  the  effects  of  the  unequal  inter¬ 
element  spacing  law  on  gain  and  beamwidth  is  estimated.  The  beam  pointing  error,  the  beam  granularity 
and  the  magnetude  of  the  peak  sidelobes  are  presented  here  for  the  three  arrays.  It  is  shown  that  some 
reduction  in  the  number  of  elements  required  to  fabricate  an  array  may  be  achieved  if  the  inter-element 
spacing  is  not  made  equal,  and  also  the  magnetude  of  the  grating  lobes  may  be  significantly  reduced  if 
the  spacing  law  is  chosen  correctly.  Lastly  a  simple  means  by  which  a  static  split  system  may  be  achieved 
is  discussed  and  some  simulation  program  results  presented. 

1  INTRODUCTION 

In  the  small  volumes  available  for  the  installation  of  equipment  in  a  modern  high  speed  aircraft  it 
may  be  difficult  or  even  impossible  to  achieve  a  fully  motion-compensated  aerial  by  mechanical  techniques. 
One  method  by  which  a  fully  stabilised  aerial  may  be  achieved  is  to  utilise  a  linear  digital  phased  array 
scanning  in  the  horizontal  plane  to  give  yaw  stabilisation,  whilst  a  mechanical  system  is  used  to  stabilise 
the  aerial  in  the  other  planes . 

This  paper  will  only  consider  the  linear  digital  phased  array  required  to  obtain  yaw  stabilisation 
and  the  economies  that  can  be  made  in  phase  shifters  when  certain  operating  limits  are  exploited.  The 
two  principal  operating  limits  which  can  be  exploited  in  this  application  are:- 

1)  The  array  is  linear  and  scanning  is  required  in  only  one  plane 

2)  The  scan  angle  is  limited  to  small  angles. 

The  cost  and  complexity  of  a  digital  phased  array  is  determined  by: 
c)  The  number  of  elements  with  active  phase  shifters  in  their  feed  systems 

b)  The  number  of  bits  per  phase  shifter 

The  number  of  eieoisnts,  and  therefore  the  number  of  phase  shifters,  assuming  each  element  requires  at 

least  one  is  determined  by  the  array  aperture,  the  signal  frequency,  and  the  maximum  scan  angle  required 

before  grating  lobes  are  encountered.  These  factors  are  usually  set  by  prior  operating  requirements.  The 
number  of  elements  (determined  by  considering  these  factors)  can  be  reduced  by  a  small  percentage  if  the 
far  field  radiation  pattern  of  the  elements  is  taken  into  account  and  used  to  reduce  grating  lobes  that 
occur  at  large  angles  from  the  broadside  position.  Reduction  beyond  this  number  of  elements  is  impossible 
if  the  inter-element  spacing  is  made  equal.  A  method  by  which  further  reductions  can  be  achieved  is  to 
destroy,  fully  or  partially,  the  periodicity  of  the  far  field  radiation  pattern  by  spacing  the  elements 
unequal  distances  apart. 

Ultimately  the  performance  of  a  digital  phased  array  depends  on  the  number  of  'bits'  per  phase  shifter 
available  for  beam  steering.  The  number  of  bits  is  constrained  at  the  lower  end  by  the  beam  pointing 
errors  and  the  phase  quantisation  sidelobes  that  can  be  tolerated,  and  at  the  higher  end  by  the  insertion 
losses  and  the  limitations  of  present  technology.  The  present  practical  constraints  in  the  number  of  bits 
per  phase  shifter  is  between  one  and  four. 

2  THE  ARRAY 

The  general  diagram  of  the  array  is  shown  in  FIG  2.1.  The  non  dispersive  feed  system  can  take  the 
form  of  an  optical,  a  reactive  corporate  or  a  matched  corporate  type  of  feed.  This  is  required  to  mini¬ 
mise  beam  squinting  over  a  2X  bandwidth. 

The  array  is  to  be  approximately  3.5  ft  (1.07M)  long  and  the  maximum  scan  required  is  £  10°  about  the 
broadside  position  with  a  maximm  one-way  sidslobe  level  of  -  15  dB  over  this  range.  The  maximum  beam 
pointing  error  is  to  be  less  than  0.2°  over  the  scan  range.  Estimations  based  on  Millers*  results  indicate 
that  three  or  four  bits  (8  or  16  phase  steps)  would  be  adequate  to  meet  the  initial  specifications. 

3  AN  ARRAY  WITH  EQUAL  INTER-ELEMENT  SPACING 

If  the  inter-element  spacing  is  equal,  and  no  amplitude  taper  is  applied  across  the  array  aperture, 
then  the  maximum  inter-element  spacing  befora  grating  lobes  appear  in  real  space  it  given  byi- 

d  ‘  TVRW.T 
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where, 

X  ■  signal  wavelength 
ip  -  maximum  scan  angle 

D 

If  the  radiating  elements  are  anisotropic  and  their  far  field  radiation  pattern  is  taken  into  account  some 
degree  of  grating  lobe  suppression  can  be  obtained,  permitting  d  to  be  increased.  The  minimum  number  of 
isotropic  elements  required  to  fabricate  an  array  3.5  ft  long  at  10  GHc  and  avoid  grating  lobes  when  the 
beam  ie  scanned  ±  10°,  is  42.  If  the  elements  are,  say,  waveguide  horns  the  number  of  elements  can  be 
reduced  to  approximately  36,  (assuming  the  aperture  is  filled)  because  the  far  field  element  radiation 
pattern  will  suppress  the  grating  lobe  that  appears  T  59°. 

The  initial  simulation  program  results  obtained  from  the  proposed  36  element  linear  array  confirms 
that  the  grating  lobes  will  be  suppressed  by  the  element  radiation  pattern.  The  element  pattern  is  a 
reasonable  approximation  to  the  radiation  from  a  small  waveguide  horn  in  an  infinite  array  environment 
(FIG  3.1).  The  effect  of  varying  the  number  of  bits  per  phase  shifter  on  sidelobe  performance  and  beam 
pointing  error  is  reported  in  section  5. 

4  AN  ARRAY  WITH  EXPONENTIAL  INTER-ELEMENT  SPACING 

The  angular  periodicity  of  the  far  field  radiation  pattern  can  be  destroyed  if  the  elements  are  not 
placed  at  equal  increments  along  the  aperture.  If  the  periodicity  ia  destroyed  in  this  way  the  number  of 
elements  can  be  reduced  as  grating  lobes  will  longer  be  a  problem.  Spacing  the  elements  in  unequal 
increments  along  the  aperture  will  result  however  in  an  array  with  an  aperture  which  is  not  fully  filled. 
As  the  array  becomes  less  filled  i.e  thinned,  the  mean  side  lobe  level  will  increase  and  therefore  the 
amount  by  which  the  number  of  elements  may  be  reduced  is  limited. 

Calculations  were  done  on  arrays  with  an  inter-element  spacing  law  of  the  form:- 

d(n,n>l)  "  A  +  B  •*P(o®>»  (n  ■  1,  2,  3  -  etc)  . 4.1 


where 

n  -  number  of  elementa  from  the  array  centre  (+  re  integer) 

A,  B  and  a  are  constants 

d(n  n+1j  ■  spacing  between  the  nth  »nd  (n+l)th  element 

This  type  of  law  was  chosen  because  there  are  indications  in  the  current  literature  that  an  attenuated  flat 
grating  plateau  would  result.  No  theoretical  analysis  has  been  done  to  choose  values  that  would  optimise 
the  array  performance  and  therefore  the  choice  of  values  is  empirical.  Ten  different  inter-element  spacing 
laws,  all  of  the  form  given  by  equation  4.1  were  considered  initially  (Table  4.1).  These  values  were 
chosen  because  they  resulted  in  an  array  approximately  3.5  ft  long  with  between  26  and  32  elements.  Com¬ 
puter  simulation  runs  were  dona  and  two  distributions  were  chosen  for  further  investigation  because  of  their 
superior  sidelobe  performance.  The  two  arrays  chosen  for  further  study  are: 

1)  30  element  array  with  inter-element  spacing  defined  by 

d^  n+jj  ■  0.05  +  0.05  exp  (0.05n)  ft  . 4.2 

2)  28  element  array  with  inter-element  apacing  defined  by 

d(n,n+l)  "  0,05  *  0,02  •xp  <0,l5n)  ft  . 4.3 

The  simulation  program  reaults  obtained  from  considering  these  arrays  is  reported  in  section  5.  The 
radiating  elements  are  identical  to  those  considered  in  section  3  and  the  assumed  far  field  radiation 
pattern  ia  shown  in  FIG  3.1. 

5  SIMULATION  PROGRAM  RESULTS 

5.1  VARIATION  OF  BEAM  WIDTH  WITH  SCAN  ANGLE 

The  theory  of  scanned  arrays  predicts  that  the  beaofidth  will  increase  as  the  beam  is  scanned  such 

that, 

* 

8.  ■  8„  see  ♦  . 5.1.1 

•  o 

where 

-  scan  angle 

B  •  Beaawidth  in  the  broadside  position 
8°  *  Beaawidth  at  the  scan  angle  8 

The  lncreaae  in  beaawidth  with  scan  eagle  expressed  in  equation  5.1.1  has  been  proved  for  equally 
spaced  arrays  by  several  workers  3,4,  Results  determined  in  this  study  have  proved  that  equation  5.1.1 
also  applies  to  arrays  with  unequal  inter-element  spacing.  The  graphs  of  beaawidth  against  scan  angle 
are  shown  in  FIG  5.1.1  for  the  36  element  array  defined  in  section  3  and  in  FIGS  5.1.2  and  5.1.3  for  the 
unequally  spaced  arrays  defined  in  section  4.  Very  good  agreement  with  equation  5.1.1  was  obtained  in  all 
cases.  However,  as  the  ecan  angle  was  increased  above  30°  the  assumed  element  for  field  radiation  pattern 
displaced  tire  actual  beam  centre  and  equation  5.1.1  became  inaccurate  for  larger  scan  angles  than  30° 


5.2  LOSS  OF  GAIN  DUE  TO  PHASE  QUANTIZATION 


The  loss  of  gain  due  to  phase  quantization  up  to  a  scan  angle  of  10°  was  calculated  for  each  of  the 
three  arrays.  The  calculations  were  done  for  three  and  four  bit  phase  shifters  in  the  case  of  the  56  ele- 
nient  array  and  for  four  'bit'  phase  shifters  in  the  case  of  the  arrays  with  the  unequal  inter-element, 
spacing  laws  (FIG  5.2.1,  5.2.2,  5.2.3  and  5.2.4).  The  loss  in  gain  varies  in  all  cases  in  a  random  way 
as  the  scan  angle  is  changed.  However,  the  results  agree  essentially  with  those  obtained  by  Summers3  for 
a  particular  array  with  equal  inter-element  spacing,  in  that  the  losses  are  all  of  the  order  predicted  by 
Miller1. 

5.3  BEAM  POINTING  ERROR 

The  beam  pointing  accuracy  is  essentially  a  function  of  the  number  of  'bits'  available  to  steer  the 
beam.  Closely  linked  with  beam  pointing  accuracy  is  beam  granularity.  Granularity  is  defined  as  the 
smallest  realisable  increment  between  adjacent  beam  positions  and  is  caused  by  the  finite  number  of  phase 
steps  available  to  scan  the  beam.  Naturally  the  beam  granularity  decreases  as  the  number  of  bits  is 
increased. 

The  beam  pointing  accuracy  of  the  array  is  presented  in  tables  5.3.1,  5.3.2,  5.3.3  and  5.3.4.  Tables 

5.3.3  and  5.3.4  have  included  in  them  calculations  on  identical  array  which  have  equal  inter-element 
spacing  for  comparison.  The  errors  in  all  four  cases  are  essentially  random  with  both  positive  and  nega¬ 
tive  errors  occuring  with  approximately  equal  frequency.  The  peak  errors  are  generally  greater  than  those 
obtained  by  Summers3,  who  used  an  optical  feed  to  destroy  the  periodicity  of  the  phase  errors  that  occur 
with  digital  phase  shifters.  However  the  results  show  Millers!  statistical  estimation  to  be  pessimistic 
by  approximately  a  factor  of  1.3.  It  is  of  interest  to  note  that  the  results  obtained  with  unequally 
spaced  arrays  are  slightly  inferior  to  those  obtained  with  equally  spaced  arrays.  It  was  determined  that 
no  mechanism  inherent  in  the  characteristics  of  space  tapered  arrays  caused  this  effect,  but  rather  the 
angle  of  scan  chosen  for  these  measurements  were  unfortunate.  Other  scan  angles  gave  lower  magnetudes  of 
error  and  we  therefore  conclude  that  the  RMS  beam  pointing  error  is  a  function  of  the  number  of  'bits'  per 
phase  shifter  and  not  a  function  of  the  element  spacing  law. 

5.4  BEAM  GRANULARITY 

The  beam  granularity  was  estimated  by  scanning  the  main  beam  in  0.075°  steps.  The  array  is  steered 
from  the  centre.  The  feed  system  is  cophasal  and  it  is  expected  that  the  granularity  will  be  largest  near 
the  broadside  position  because  the  end  phase  shifters  cannot  reset  until  the  demanded  scan  angle  is  large 
enough.  The  results  of  che  beam  granularity  measurements  done  on  the  four  arrays  are  shown  in  tables  5.4.1 
and  5.4.2.  The  granularity  of  the  equally  spaced  4  'bit'  array  is  largest  close  to  the  broadside  position 
being  approximately  0.1°,  but  then  decreases  to  approximately  0.075°  for  demanded  scan  angles  greater  than 
0.5°.  The  unequally  spaced  element  arrays  appear  slightly  less  granular  about  the  broadside  position  but 
the  average  is  similar  to  that  of  the  equally  spaced  array. 

5.5  EFFECTS  OF  SPACE  TAPER  ON  GAIN  AND  BEAMWIDTH 

As  no  phase  randoming  feeds  are  used  the  beam  in  the  broadside  position  will  be  identical  to  that  of 
a  non-scanning  array.  It  is  therefore  possible  to  investigate  the  effects  of  space  tapering  without 
scanning  effects  interfering  with  the  measurement. 

As  expected  the  gain  of  the  arrays  with  the  exponential  spacing  law  was  uneffected  by  changes  in  the 
spacing  law.  The  unequal  spacing  law  did,  however  give  rise  to  a  change  in  the  3  dB  beamwidth  of  when 
compared  with  that  of  an  array  of  equal  length  and  a  similar  number  of  elements  but  with  equal  inter¬ 
element  spacing.  To  investigate  the  effect  on  beamwidth  of  varying  the  exponential  term  in  equation  4.1 
the  aerial  aperture  was  allowed  to  vary.  The  constants  A  and  B  were  kept  at  constant  values  while  a  was 
allowed  to  vary  with  both  positive  and  negative  values.  A  graph  of  a  against  the  difference  in  beamwidth 
of  a  similar  equal  spaced  array  it  plotted  in  FIG  5.5.1.  The  graph  is  essentially  linear  for  small  values 
of  | a | ,  but  the  change  in  beanvidth  is  not  to  great  for  large  values  of  |a| ,  and  hence  the  graph  tends 
to  become  non-linear.  These  non-linear  portions  of  the  graph  may  be  explained  thus.  As  a  becomes  more 
negative  the  exponential  term  becomes  less  significant  and  the  inter-element  spacing  approaches  A  as  a 
approaches  minus  infinity  giving  rise  to  no  change  in  beamwidth.  As  a  becomes  very  large  the  beamwidth 
approaches  a  Dirac  delta  function  and  the  significance  of  the  exponential  law  will  decrease  rapidly  as 
a  approaches  infinity.  The  effect  that  causes  a  change  in  beamwidth  when  the  elements  of  an  array  are 
apacially  tapered  has  net  been  theoretically  investigated.  Such  an  investigation  may  however,  prove 
necessary  as  this  effect  will  have  to  be  taken  into  account  when  designing  aerials  with  an  inter-element 
spacing  law  of  this  type. 

5.6  SIDELOBE  PERFORMANCE 

Results  of  the  sidelobe  performance  calculations  for  the  three  arrays  are  presented  here  at  histograms. 
(FIGS  5.6.1,  5.6.2  and  5.6.3).  They  have  each  been  drawn  in  two  sections;  the  total  sidelobe  performance 
when  scanning  to  10°,  and  the  sidelobe  performance  when  scanning  to  5.5°.  This  has  been  done  to  separate 
those  sidelobet  that  are  due  to  grating  lobes  when  the  scan  angle  nears  10°  from  the  sidelobes  due  to  the 
array  factor  and  phase  quantization  which  would  not  normally  contain  contributions  from  grating  robes,  ie 
when  the  ecan  angle  is  small. 

The  36  element  array  when  scanned  to  ±  10°  does  not,  as  predicted,  contain  contributions  from  grating 
lobes,  however  there  are  large  sidelobes  occuring  very  close  to  main  beam  (FIG  5.6.4).  These  sidelobes 
are  due  to  the  periodic  nature  of  the  array  equation  and  in  the  absence  of  the  assumed  element  far  field 
radiation  pattern  would  decrease  according  to  a  sin  x/x  law.  These  sidelobes  can  be  decreased  in  the 
normal  way  by  introducing  an  amplitude  taper  across  the  array  aperture,  although  a  corresponding  reduc¬ 
tion  in  the  gain  of  the  array  is  inevitable.  The  results  presented  here  are  for  arrays  utilising  four 
bit  phase  shifters.  The  results  obtained  from  the  36  element  array  using  three  bit  phase  shifters  have 
not  been  included.  They  do,  however,  indicate  that  unless  some  form  of  phase  radomizing  feed  is  used  the 
peak  sidelobes  due  to  phase  quantization  when  three  bit  phase  shifters  are  used  will  be  approximately 
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-13  dB  »s  compared  with  -19  dB  in  the  case  of  four  bit  phase  shifters.  Reducing  the  number  of  elements 
increases  the  mean  sidelobe  level,  which  is  also  a  function  of  the  number  of  bits,  thus  it  was  decided 
that  to  obtain  the  desired  sidelobe  performance  four  bit  phase  shifters  would  have  to  be  used. 

The  main  reason  for  choosing  spaced  tapered  arrays  for  further  study  is  the  likelihood  of  obtaining  a 
better  sidelobe  performance  for  a  given  number  of  elements.  Because  the  inter-element  spacing  is  no  longer 
equal  the  periodicity  of  the  far  field  radiation  pattern  equation  is  lost  either  fully  or  partially.  There¬ 
fore  substantial  reduction  of  grating  lobes  will  result  if  the  spacing  is  chosen  correctly. 

In  FIG  5.6.2  it  can  be  seen  that  a  number  of  large  sidelobes  appear  between  the  scan  angles  of  5.5° 
and  10°  whilst  from  FIG  5.6.3  relatively  few  large  sidelobes  are  caused  by  the  increase  in  scan  angle, 
therefore  it  appears  that  equation  4.3  results  in  an  array  with  superior  grating  lobe  suppression  than 
equation  4.2.  The  effect  of  flattening  the  grating  lobe  can  be  further  illustrated  by  refering  to 
FIG  5.6.5  and  5.6.6  which  are  computer  drawn  representations  of  the  far  field  radiation  patterns  of  the 
arrays.  For  comparison  the  far  field  radiation  pattern  of  identical  arrays  with  equal  inter-element 
spacing  are  included.  (FIGS  S.6.7  and  5.6.8.) 

It  can  be  seen  from  FIGS  5.6.5,  5.6.6,  5.6.7  and  5.6.8  that  the  effect  of  unequal  spacing  is  to  spread 
the  grating  lobe  over  a  greater  angle  whilst  reducing  its  magnitude  and  widening  the  main  beam. 

6  SIMPLE  STATIC  SPLIT  SYSTEM 

In  certain  applications  a  static  split  type  of  aerial  may  be  required.  In  non-scanning  linear  arrays 
a  switching  system  is  used  to  convert  the  array  from  a  cophasally  fed  array  to  an  array  which  has  one  half 
of  its  aperture  fed  in  antiphase  to  the  otner,  thus  giving  a  static  split  array.  When  digital  phase  shif¬ 
ters  are  used  to  steer  the  beam  the  static  split  can  be  achieved  without  mechanical  switching  by  simply 
adding  (or  subtracting)  the  most  significant  bit  (180°)  to  either  half  of  the  array.  Computer  drawn  far 
field  radiation  patterns  of  arrays  whose  left  hand  elements  are  fed  180°  in  advance  of  the  right  hand  ele¬ 
ments  are  shown  in  FIG  6.1a  and  6.1b.  These  patterns  are  derived  from  arrays  whose  spacing  laws  are  defined 
by  equations  4.2  and  4.3.  The  actual  choice  of  array  depends  on  the  application  and  thus  exercise  was  done 
simply  to  demonstrate  the  ease  in  which  such  a  far  field  characteristic  can  be  achieved  from  any  linear  dig¬ 
ital  phased  array. 

CONCLUSIONS 

The  initial  requirement  of  a  ♦  10°  scan  range  set  the  minimum  number  of  isotropic  elements  required 
to  fabricate  a  3.5ft  long  array  at  42.  It  has  been  shown  that  the  relatively  small  scan  angle  and  the 
elements  far  field  radiation  pattern  allowed  this  number  to  be  reduced  to  36,  whilst  still  avoiding  large 
secondary  (grating)  lobes  appearing  in  real  space.  Further  reduction  in  the  number  of  elements  was  achieved 
by  considering  arrays  with  unequal  inter-element  spacing.  Calculations  performed  on  the  two  unequally  spaced 
arrays  defined  by  equations  4.2  and  4.3  have  shown  that  gtating  lobes  may  be  reduced  by  6  dB  if  this  type 
of  exponential  spacing  low  is  used.  The  28  element  array  whose  spacing  law  is  defined  by  equation  4.3  gives 
a  superior  sidelobe  performance  to  the  30  element  array  whose  spacing  law  is  defined  by  equation  4.2.  The 
losses  due  to  phase  quantization,  the  beam  pointing  error,  and  the  beam  granularity  have  been  found  to  be 
independent  of  the  inter-element  spacing  law  and  are  essentially  a  function  of  the  number  of  bits  per  phase 
shifter. 

However  the  sidelobe  performance  of  the  arrays  may  be  improved  in  two  ways. 

1)  The  array  is  fed  with  an  amplitude  tapered  signal 

2)  The  array  is  fed  via  a  phase  randomizing  network 

The  first  of  which  is  a  long  established  method  of  tailoring  radiation  characteristics,  the  second  method 
however  will  reduce  the  peak  sidelobes  dus  to  the  periodicity  of  the  phase  errors  that  occur  with  digital 
phase  shifters.  The  randomizing  network  usually  takes  the  form  of  an  optical  feed$,  which  also  gives  an 
excellent  non-dispersive  feed.  The  optical  feed  has  been  investigated  thoroughly  by  other  workers  and  the 
reader  is  referred  to  the  references  for  detailed  discussions. 

The  3  dB  beanwidth  has  teen  found  to  be  a  function  of  the  spacing  low  and  has  been  found  to  vary  as  the 
exponential  constant,  a,  is  varied  for  a  given  arrsy  aperture.  This  effect  will  have  to  be  taken  into 
account  when  designing  an  array  of  this  type.  A  theoretical  analysis  of  the  effect  cannot  be  found  by  ths 
author  in  the  literature  end  a  detailed  analysis  would  possibly  be  a  useful  exercise  for  future  work. 
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TABLE  4.1  INITIAL  ARRAYS  PROPOSED  FOR  INVESTIGATION 


NO  ELEMENTS 

A 

ft 

B 

ft 

a 

- 

LENGTH 

ft 

34 

0.055 

0.020 

+0. 100 

3.4966 

34 

0.075 

0.075 

-0.125 

3.5241 

30 

0.075 

0.003 

+0.300 

3.6986 

30 

0.000 

0.100 

+0.025 

3.4946 

30 

0.050 

0.050 

+0.050 

3.5786 

30 

0.040 

0.100 

-0.025 

3.5931 

28 

0.050 

0.020 

+0.150 

3.4966 

28 

0.100 

0.050 

-0.090 

3.4823 

26 

0.040 

0.050 

+0.100 

3.4881 

26 

0.100 

0.070 

-0.100 

3.5002 

TABLE  5.3.1  BEAM  POINTING  ERRORS  OF  36  ELEMENT  ARRAY  3  'BITS' 


SCAN 

REGION  DEG 

RMS 

(BEAMWIDTHS) 

PEAK 

(BEAMWIDTHS) 

PEAK  (MILLER) 
(BEAMWIDTHS) 

0.0-  0.5 

0.037 

0.071 

0.098 

5.0-  5.5 

0.034 

0.064 

0.098 

9.5-10.0 

0.035 

0.065 

0.098 

TABLE  5.3.2  BEAM  POINTING  ERRORS  OF  36  ELEMENT  ARRAY  4  'BITS' 


SCAN 

REGION  DEG 

RMS 

(BEAMWIDTHS) 

PEAK 

(BEAMWIDTHS) 

PEAK  (MILLER) 
(BEAMWIDTHS) 

0.0-  0.5 

0.014 

0.034 

0.049 

5.0-  5.5 

0.013 

0.028 

0.049 

9.5-10.0 

0.011 

0.018 

0.049 

TABLE  5.3.3  BEAM  POINTING  ERRORS  OF  ARRAY  DEFINED  BY  EQUATION  4.1 


SCAN 

REGION 

DEG 

4  BIT.  30  ELEMENTS  SPACE  TAPERED 
ARRAY  (EQUATION  4.1) 

4  BIT.  30  ELEMENTS  EQUAL 
INTER-ELEMENT  SPACING 

BEAM  POINTING  ERROR  (BEAMWIDTHS) 

BEAM  POINTING  ERROE  (BEAMWIDTHS) 

PEAK 

RMS 

PEAK 

RMS 

0.0-  0.5 

0.038907 

0.02092 

0.036813 

0.018816 

5.0-  5.5 

0.038867 

0.02349 

0.013856 

0.006355 

9.5-10.0 

0.017516 

0.00775 

0.013295 

0.011870 

TABLE  5.3.4  BEAM  POINTING  ERRORS  OF  ARRAY  DEFINED  BY  EQUATION  4.2 


SCAN 

REGION 

DEG 

4  BIT.  28  ELEMENT,  SPACE  TAPERED 
ARRAY  (EQUATION  4.2) 

4  BIT.  28  ELEMENTS  EQUAL 
INTER-ELEMENT  SPACING 

BEAM  POINTING  ERROR  (BEAMWIDTHS) 

BEAM  POINTING  ERROR  (BEAMWIDTHS) 

PEAK 

RMS 

PEAK 

RMS 

0.0-  0.5 
5.0-  5.5 
9.5-10.0 

0.046025 

0.019334 

0.024313 

0.021903 

0.011376 

0.01280 

0.043783 

0.010129 

0.038306 

0.0215789 

0.005281 

0.018876 

TABLE  5.4.1  GRANULARITY  OF  36  ELEMENT  ARRAY 


LENGTH  OF  REGIONS  WHERE  THE  MAIN  BEAM 
REMAINED  STATIONARY 
(DEGREES) 

EXPECTED  AVERAGE 

|||g| 

5.0°-5.5° 

SCAN 

9.5-10° 

SCAN 

GRANULARITY 

3 

0.2 

0.2 

0.2 

0.15 

4 

0.1 

0.075 

0.075 

0.07 

TABLE  5.4.2  GRANULARITY  OF  ARRAY  WITH  UNEQUAL  &  INTER-ELEMENT 
SPACING  (4  BITS) 


SPACING  LAW 
EQUATION 

LENGTH  OF  REGION  WHERE  THE  MAIN 
BEAM  REMAINED  STATIONERY 
(DEGREES) 

0°-0. 5° 
SCAN 

5.0°-5.5° 

SCAN 

9.5°-10° 

SCAN 

4.2 

0.075 

0.075 

0.075 

4.3 

0.075 

0.075 

0.075 

IHTER-ELEMENT  SPACING  DISTANCE 


Fig. 3. 1  Actual  and  assumed  element  tar  field  radiation  pattern.  (E  plane) 


BEAMVIDTH  BEAMWIDTH 
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Fig.S.J.l  Scan  angle  against  beamwidth 


<9  MEASURED  VALUE 


LOSS  Of  SfcIN  dB 


SIDELOIE  LEVEL  (dB> 


.2  Side  lobe  histogram;  30  elements,  spacing  defined  by  Equation  4.2 


MAIN  BEAM  SCANNED  +10'  SIN  8 


Fig.5.6.4  Far  field  radiation  pattern  of  a  36  element  array  with  equal  inter-element  spacing 


Fig.5.6.7  Far  field  radiation  pattern  of  a  30  element  array  with  equal  inter-element  spacing,  and  of  identical 

length  to  the  array  defined  by  Equation  4.2 


-09  -OB  -07  -06  -05  -04  -03  -02  -01  0  0  01  02  0-3  04  05  06  07  0-6  09  10 

MAIN  SEAM  IN  BROADSIDE  POSITION  SIN  i 


-0-9  -OB  -07  -06  -05  -04  -03  -0  2  -01  OO  0-1 


02  03  0  4  05  06 . 07  O  B  09 

MAIN  BEAM  SCANNED  +  10*  SIN  9 


Fig.5.6.8  Far  field  radiation  pattern  of  a  28  element  array  with  equal  inter-element  spacing  and  of  identical 

length  to  the  array  defined  by  Equation  4.3 
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Fig.6.1 


Static  split  far  field  radiation  pattern 
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ABSTRACT 


The  environment  In  which  Airborne  Early  Warning  (AEW)  radars  must  be  able  to  operate.  In  the  future, 
presents  some  severe  problems  to  the  designer  In  many  Important  reapects.  These  Include  the  need  to  operate 
ever  land,  the  need  to  detect  very  small  targets  (<lm2)  at  long  range  and  the  need  to  be  able  to  operate 
In  the  presence  of  jamming. 

It  Is  shown  that  the  single  most  Important  factor  Influencing  the  ability  of  the  AEW  radar  system 
to  operate  In  this  future  environment  Is  the  antenna's  sldelobe  performance.  In  general,  this  sldalobe 
performance  Is  dominated  by  the  airframe  on  which  It  Is  mounted.  Careful  design  Is  needed,  considering 
both  aerodynamic  as  well  as  electrical  aspects,  before  an  overall  optimal  system  configuration  can  be 
determined. 

Once  the  antenna  sldelobe  performance  has  reached  an  acceptable  level.  It  Is  then  found  that  the 
next  limitation  Is  that  due  to  errors  In  the  compensation  of  platform  motion.  Recent  advances  In  digital 
processing  technique  offer  many  advantages  In  connection  with  moving-target  Indication  (MTI)  but  these  can 
only  be  realized  when  the  platform-motion  compensation  Is  sufficiently  accurate.  The  various  system 
considerations  governing  this  performance  are  discussed  and  the  requirements  reflecting  on  the  antenna 
performance  described  In  detail. 

1.  Introduction 

A  paper^  was  presented  to  the  Eighth  Symposium  of  the  Avionics  Panel  in  1964  which  dealt  with  some 
of  the  basic  considerations  In  the  design  of  an  airborne  early-warning  radar,  with  particular  reference  to 
that  used  on  the  E-2A  carrier-based  system.  This  used  a  low  prf  mainly  because  of  Its  feature  of  unambiguous 
range.  It  Is  of  Interest  here  to  examine  the  applicability  of  this  type  of  technology  to  a  larger  aircraft, 
specifically  a  modified  Lockheed  Electra  turbo-prop,  designated  as  the  P-3  by  the  U.S.  Navy. 

Of  great  Importance  in  such  a  radar  Is  the  detection  performance  and  this  Is  largely  determined 
by  that  of  Ita  ANTI  sub-system.  This,  In  turn,  Is  critically  dependent  on  the  effectiveness  of  the  plat¬ 
form  motion  compensation.  What  Is  In  mind  Is  a  system  in  which  the  velocity  components  normal  to  the 
antenna  aperture  are  corrected  by  soma  variant  of  TACCAR*  and  thase  components  parallel  to  the  antenna 
aperture  by  some  technique  similar  to  DPCA**. 

It  Is  of  Interest  to  determine  what  are  the  ultimate  bounds  on  the  detection  performance  of  such 
a  aystem  preparatory  to  quantifying  their  effects  and  establishing  an  optimal  design.  It  Is  well  known 
that  certain  types  of  terrain  give  rise  to  large  clutter  returns  which  can  effectively  mask  the  returns 
from  small  targets  and  prevent  their  detection.  Coherent  integration,  multiple-delay  cancellation  and 
Improved  system  characteristics  can  be  used  to  Improve  the  detection  performance,  but  each  exacts  a  price 
In  system-cost  so  that  the  problem  reduces  to  ons  of  determining  the  Improvement  In  performance  and  Its 
associated  cost  In  hardware  for  each  addition.  It  Is  shown  below  that  the  antenna  sldelobe  performance 
has  a  crucial  effect  on  the  system  performance,  In  general,  and  determines  the  lowest  operating  frequency 
that  can  be  used. 

2.  ANTI  Considerations 


MTI  Improvement  factor  Is  defined  as  ths  ratio  of  the  output  signal-to-clutter  ratio  to  the  Input 
slgnal-to-clutter  ratio.  It  has  been  derived  In  Ref.  2  for  single,  double,  and  triple-delay  cancellers 
and  elsewhere  for  an  n-stage  MTI  (Ref.  3).  Figure  1  shows  the  MTI  Improvement  factor  (1^)  as  a  function 
of  the  ratio  of  the  clutter  spectral  width  (oe)  to  the  pulse  repetition  frequency  (PRF).  The  system 
characteristics  which  limit  the  MTI  Improvement  factor  can  be  related  to  sn  effective  clutter  spectral 
width  and  to  a  shift  In  the  mean  of  the  epectrum.  The  total  clutter  spectral  width  is  given  by  taking  the 
square  root  of  the  sum  of  the  squares  of  all  the  Individual  spectral  widths.  This  assumes  statistical 
independence  between  the  Individual  contributions. 


*TACCAR  Is  an  acronym  for  Time  Average  Clutter  Coherent  Radar,  A  system  developed  by  Lincoln  Laboratory 
of  MIT.  By  general  usage  TACCAR  now  refers  to  the  technique  which  was  the  special  feature  of  that  system. 

**DFCA  Is  the  acronym  for  Displaced  Fhase  Center  Antenna,  a  technique  which  simulates  electronically  the 
nation  of  the  antenna  aperture  In  its  own  plane. 
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The  achievable  MTI  Improvement  factor  for  an  operating  AEW  system  ia  limited  by  the  Internal  motion 
of  the  clutter  ltaelf  and  also  by  ayatem  conalderationa.  Specifically,  theae  limitations  arise  from: 

1.  Platform  motion 

Antenna  sldelobe  levels 

3.  Antenna  scanning  modulation 

4.  System  stability 

To  determine  the  relative  Importance  of  each  of  these  contributions,  they  are  considered  separately  and 
Illustrated  In  Fig.  1. 

A  typical  value  for  the  spectral  width  due  to  internal  motion  of  overland  clutter  is  0.2  meters/ 
second  (Ref.  4,  Chapter  17).  Figure  1  shows  that  the  MTI  improvement  factor  for  this  condition  Is  40  dB 
for  a  single  canceller,  78  dB  for  a  double  canceller,  and  114  dB  for  a  triple  canceller.  If  the  system  were 
limited  by  Internal  motion  then  all  practical  requirements  could  be  net  easily  by  the  use  of  a  double 
canceller. 

Platform  motion  can  be  resolved  into  two  components,  one  parallel  to  the  antenna  aperture  and  one 
perpendicular  to  the  antenna  aperture,  Theae  components  have  the  effect  of  both  spreading  the  spectrum  of 
the  clutter  returns  and  shifting  the  mean  of  the  spectrum.  The  relationship  for  the  spreading  of  the 
spectrum  la  given  In  Ref.  4,  Chapter  18.  Using  typical  parameters  (a  platform  velocity  of  300  knots,  an 
aperture  of  25  feet  and  a  prf  of  300  Hs),  Fig.  1  shows  that  the  MTI  Improvement  factor  is  about  15  dB  for 
a  single  canceller,  25  dB  for  a  double  canceller  and  35  dB  for  a  triple  canceller  with  the  antenna  aperture 
parallel  to  the  velocity  vector.  For  this  case,  many  practical  requirements  cannot  be  met  with  either  a 
single,  double  or  triple  canceller.  Rather  than  go  to  higher  order  cancellers,  other  processing  techniques 
should  be  employed. 

With  the  antenna  aperture  perpendicular  to  the  velocity  vector,  the  dominant  effect  Is  the  shifting 
of  the  mean  of  the  clutter  spectrum.  The  mean  of  the  doppler  spectrum  la  determined  by  the  platform  velocity 
and  the  transmitted  frequency  and  generally  requires  compensation  for  successful  MTI  operation. 

Since  the  antenna  sldelobes  essentially  cover  360°,  the  doppler  shifts  received  through  the  side- 
lobes  range  from  -vp  (v„  Is  the  platform  velocity)  to  +vp.  This  doppler  spread  can  cover  the  entire  MTI 
ambiguous  frequency  band.  As  a  result,  these  sldelobe  returns  are  not  cancelled  and  the  MTI  Improvement 
factor  is  limited  by  the  integrated  malnlobe-to-sldelobe  ratio.  This  Is  the  ratio  of  the  Integrated  energy 
entering  the  system  through  the  malnlobe  to  that  entering  through  the  sldelobes  for  the  two-vay  antenna 
pattern. 


The  effect  of  antenna  scanning  modulation  on  the  clutter  spectral  width  Is  given  In  Ref.  2.  It  Is 
affected  by  the  antenna  scanning,  the  antenna  aperture,  the  transmitter  frequency,  and  the  PRF.  Most 
requirements  can  be  met  without  compensation  for  this  effect. 

System  stability  is  greatly  simplified  by  digital  processing  which  allows  one  clock  to  control  the 
entire  system  including  the  MTI  delays.  However,  the  pulse-to-pulse  phase  Instability  of  the  transmitter  Is 
not  eliminated  by  digital  processing,  so  that  the  performance  of  the  system  could  be  limited  by  the  trans¬ 
mitter  etablllty.  Excluding  the  transmitter,  a  clock  stability  of  10“®  is  within  the  state  of  the  art. 

The  corresponding  MTI  Improvement  factor  (referring  to  Fig.  1)  is  22  dB  for  an  single  canceller,  42  dB  for 
double  canceller,  and  62  dB  for  a  triple  canceller.  Again,  most  requirements  can  be  met  with  one  or  other 
of  these  cancellers. 

The  conclusion  Is  that  the  factors  which  limit  the  improvement  factor  are  antenna  sldelobes  and 
platform  motion. 

It  has  been  seen  that  unless  a  correction  is  made  for  the  shift  in  ths  mean  of  the  clutter  spectrum, 
then  MTI  is  impossible.  TACCAR  nukes  this  correction  by  phase-locking  the  system  to  the  clutter  returns. 

A  phase-lock  loop  is  geted  on  at  a  selected  range  Interval.  The  time  constant  of  this  phase-lock  loop 
must  be  large  compared  with  the  Interpulse  period  in  order  to  maintain  pulse-to-pulsa  coherency  needed  for 
successful  MTI  action.  This  results  in  a  single  correction  for  all  ranges.  However,  the  average  doppler 
changes  with  range  alnce  the  angle  of  arrival  varies  with  range  for  an  aircraft  flying  at  some  altitude 
aoove  the  earth's  surface. 

The  effect  of  this  incomplete  correction  results  in  a  smaller  MTI  Improvement  factor.  This  decrease 
in  the  Improvement  factor  is  derived  elsewhere  (Ref.  3).  It  is  a  function  of  the  ratio  of  the  correction 
error  and  the  clutter  spectral  width.  For  a  typical  set  of  parameters,  these  losses  due  to  TACCAR  sre 
illustrated  by  Fig.  2  when  the  antenna  is  pointed  in  the  direction  of  the  aircraft  velocity  vector. 

DPCA  is  a  technique  that  compensates  for  the  component  of  aircraft  velocity  parallel  to  the  antenna 
torture.  This  is  eccompliehed  by  either  physically  or  electrically  displacing  the  phase  center  of  the 
*nn«  in  the  direction  opposite  to  the  velocity  component.  A  detailed  discussion  of  DPCA,  on  which  ths 
.ollowlng  Is  based,  is  given  elsewhere  (Ref.  5). 

A  single  canceller  MTI  can  be  almost  perfectly  compensated  by  DPCA  with  essentially  no  loss.  It  can 
be  shown  (Ref.  5)  that  for  double,  triple  or  higher-order  cancellers,  only  ths  first  canceller  is  compensated. 
This  results  in  sn  imperfect  compensation  so  that  ths  effects  of  platform  motion  are  not  completely  eliminated. 
This  is  illustrated  in  Fig.  3  for  s  typical  set  of  parameters. 

The  MTI  Improvement  factor  for  a  single  canceller  with  DPCA  coincides  with  the  perfectly  compeneeted 
curve.  The  improvement  factors  for  double  and  triple  cancellers  are  much  lees  than  the  perfectly  compensated 
curvet . 
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If  Che  system  stability  can  bs  Increased  from  10  to  10,  then  the  Improvement  factor  will  be 

Halted  by  scanning  modulation.  From  Fig.  3,  a  UHF  system  la  limited  by  scanning  modulation  and  DPCA 
losses  when  the  antenna  Is  pointed  broadside  to  about  30  dB  for  a  single  canceller,  50  dB  for  a  double 
canceller  end  62  dB  for  a  triple  canceller. 

The  use  of  coherent  Integration  can  ease  the  requirements  on  the  AMTI  (Ref.  6).  This  technique 
corresponds  to  doppler  filtering  as  used  In  a  pulsed-doppler  radar,  except  that  for  a  low-PRF  radar  only 
a  very  limited  number  of  pulses  can  be  integrated  before  the  return  from  a  moving  target  moves  out  of  the 
range  cell.  Typically  sixteen  pulses  can  be  integrated.  This  corresponds  to  a  theoretical  integration 
gain  of  12  dB  for  a  perfectly  coherent  signal  In  "white"  noise.  However,  neither  of  these  conditions 
applies.  First,  a  perfectly  coherent  signal  (or  target  return)  implies  that  the  doppler  of  the  return  Is 
such  that  its  frequency  Is  at  the  center  of  one  of  the  filters  In  the  bank  of  filters  formed  by  the  coherent 
integration.  Second,  the  clutter  residue  from  the  MTI  Is  not  "white".  The  problem  then  Is  to  determine 
how  much  gain  in  slgnal-to-clutter  ratio  can  be  expected  from  this  technique. 

The  Integration  of  16  pulses  with  no  weighting  provides  16  contiguous  filters  covering  the 
frequency  band  from  zero  to  the  pulse  repetition  frequency.  With  no  weighting,  the  filters  have  a  (sin  x)/x 
frequency  response.  Since  the  doppler  of  the  target  returns  are  not  known,  they  are  assumed  to  havb  a 
uniform  probability  of  occurring  anywhere  In  a  particular  filter  between  the  cross-over  points  of  adjacent 
filters.  Averaging  the  signal  gain  over  this  band  results  In  a  loss  In  coherent  Integration  gain  of  about 
1.1  dB  for  "white"  noise.  If  weighting  functions  are  used  to  get  some  desired  filter  sldelobe  level 
additional  losses  occur  depending  on  the  weighting  function.  Therefore,  a  net  gain  of  about  10  dB  could  be 
expected  for  "white"  noise. 

Since  the  clutter  residue  from  the  antenna  sidelobea  cover  all  frequencies  In  the  band  from  zero 
to  the  pulse  repetition  frequency,  this  10  dB  gain  can  be  applied  to  this  residue  as  well  as  other  components 
of  the  clutter  residue.  Reference  6  shows  that  the  Improvement  factor  achieved  against  mainlobe  clutter 
(which  Is  not  white)  Is  much  more  than  10  dB.  It  la  typically  about  24  dB  depending  somewhat  on  the  type 
of  MTI  used. 

As  will  be  shown  below,  the  antenna  sidelobec  can  be  reduced  whan  the  transmitter  frequency  Is 
Increased.  However,  this  solution  affects  the  doppler  processing.  Over  land,  at  L-band  with  a  system 
stability  factor  of  10-9  the  effects  of  internal  motion,  scanning  modulation,  and  system  stability  are 
Illustrated  by  Figs.  3  and  4.  Referring  to  these  figures  It  can  be  seen  that  the  affect  of  scanning 
modulation  dominates  the  other  effects.  For  a  double  canceller  these  llmltatlone  are  about  25  dB  for 
scanning  modulation  and  TACCAR  losses  (antenna  at  +  90°).  If  the  TACCAR  losses  and  the  DPCA  losses  could 
be  eliminated,  then  the  limitation  to  the  MTI  Improvement  factor  caused  by  scanning  modulation  at  L-band 
Is  about  55  dB  for  a  triple  canceller  (sea  Fig.  4).  Reduction  of  these  losses,  are  discussed  In  Refs.  3 
and  5,  consist  of  making  TACCAR  corrections  at  additional  points  In  range  and  applying  a  DPCA  correction 
to  all  cancellers. 

In  auamary,  to  Insure  adequate  performance,  a  typical  set  of  system  specifications  would  be: 

1.  Integreted  malnlobe-to-sldelobe  ratio  -  60  dB  (two-way) 

2.  System  stability  factor  -  10-9  (pulse-to-pulse) 

3.  Transmitter  stability  factor  -  10~9  (pulse  to  pulse) 

4.  Triple  canceller  MTI 

5.  16-pulse  coherent  Integration 

6.  TACCAR  correction  at  3  points  In  range 

7.  DPCA  correction  of  all  3  cancellers 

3.  Antenna  Considerations 


It  Is  helpful  (Ref.  4)  to  separate  the  Improvement  factor  associated  with  the  antenna  (I»)  Into  two 
parts  —  that  due  to  the  energy  entering  through  the  sldelobes  (IgL)  and  that  due  to  Imperfect  platform 
motion  compensation  over  the  mainlobe  (Idpca^ ' 

i/xA  •  i/x8L  +  1/X^ 

The  improvement  factor  determined  by  the  energy  entering  through  the  sldelobes  Is  equal  to  the 
Integreted  malnlobe-to-sldelobe  ratio. 

X8L  '  Cl  e4<9>  <»9  /  V*(e>  d® 

Consequently  It  Is  directly  releted  to  the  antenna  performance  when  the  antenna  la  mounted  on  the  aircraft 
and  In  Independent  of  other  system  factors.  The  malnlobe-to-sldalobe  ratio  Is  a  quality  factor  for  the 
antenna  when  used  In  this  type  of  radar. 

The  Improvement  factor  associated  with  the  motion  compensation  over  tha  are  corresponding  with  the 
beamwldth  of  the  mainlobe  Is  dependent  on  the  shape  of  the  sun  and  difference  nalnloba  patterns  but  also 
on  the  signal  processing  used.  It  le  susceptible  to  Improvement  by  the  use  of  higher-order  cancellation 
end  motion  compensation  and  so.  In  principle,  Its  Influence  on  system  performance  can  be  made  negligible. 

In  general,  when  a  large  radar  antenna  Is  mounted  on  an  aircraft,  there  is  a  deterioration  In 
performance.  This  becomes  evident  In  Increased  sldelobe  levels  resulting  In  decreased  values  of  malnlobe- 
to-sldelobe  ratio  and  also  In  distortion  of  the  mainlobe  patterns  resulting  In  poor  compensation  of  the 
velocity  components  parallel  to  the  antenna  aperture.  These  effects  arise  from  the  presence  of  the  aircraft 
structure  close  to  the  antenna.  Three  ways  In  which  the  entenna  field  can  be  perturbed  sre  (a)  blockage 
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of  the  antenna  aperture  by  parte  of  the  aircraft  such  as  the  wings  and  tails,  (b)  scattering  from  surfacea 
such  as  the  tops  of  the  vlngs,  and  (c)  excitation  of  currents  In  the  aircraft's  surface  by  the  near  fields 
of  the  antenna.  All  three  of  these  sources  of  pattern  perturbation  tend  to  decrease  In  effect  with 
Increasing  frequency  whereas  It  Is  advantageous  otherwise  to  decrease  the  operating  frequency.  Consequently 
for  optimal  design.  It  Is  necessary  to  datermine  the  lowest  frequency  at  which  the  aircraft  perturbations 
will  permit  the  required  Improvement  factor  to  bo  achieved. 

A  great  deal  depends  on  the  aircraft  design.  To  minimise  blockage  and  scattering  the  wing-tips, 
nose  and  tail  should  be  so  located  that  their  depression  angles  from  the  horlsontal  plane  through  the 
antenna  should  be  as  large  as  possible.  To  minimise  direct  excitation  by  the  near-flelds  of  the  antennas, 
the  distance  of  the  antenna  from  the  nearest  conducting  surface,  expressed  In  wavelengths,  must  be  maximized 

The  P-3  aircraft  (see  Fig,  S)  Is  an  attractive  candidate  for  such  an  AEW  platform,  except  for  the 
effect  of  Its  large  tall  which  bisects  the  antenna  beam  as  it  sweeps  around  the  rear  of  the  aircraft. 

In  Fig.  S  is  pictured  a  P-3  with  a  rotodome  antenna  mounted  on  It.  Such  an  antenna  consists  of 
an  antenna  array  and  corporate  feed  Integrated  with  a  radome.the  whole  structure  being  rotated  mechanically 
as  one  unit.  Possible  frequencies  of  operation  being  considered  for  this  system  are  UHF  and  L-band. 


4.  Scale-Model  experiments 

A  scale-factor  of  1/7  was  chosen  for  these  experiments.  This  conveniently  put  the  scale-model 
frequencies  Into  S-band  and  X-band.  Three  scale-model  antennas  were  procured:  a  ten-element  array 
antenna  and  a  twelve-element  array  antenna,  both  operating  at  S-band  and  therefore  corresponding  to  full- 
scale  UHF  antennas,  and  a  slotted-wavegulde  array  antenna  operating  at  X-band,  and  therefore  corresponding 
to  a  full-scale  L-band  antenna. 

A  schematic  diagram  of  the  ten-element  array  antenna  is  shown  in  Fig.  6.  Tt  can  be  seen  that 
symmetrically  placed  elements  are  taken  to  hybrid  couplers,  the  outputs  of  which  are  summed  In  separate 
networks  to  give  sum-  and  difference-pattern  output  ports.  The  element  weights  were  chosen  to  give  Dolph- 
Chebyshev  sum  patterns,  with  a  peak  sidelobe  level  of  -32  dB.  The  elements  themselves  are  Vagi  arrays 
split  in  the  vertical  plane  so  that  the  antenna  could  be  considered  as  a  twenty-element  array  antenna, 
equally  well.  The  elements  are  spaced  a  wavelength  apart  with  grating  lobes  minimized  by  shaping  of  the 
element  patterns. 

A  1/ 7  scale-model  of  the  P-3  aircraft  was  constructed  for  these  tests  and  is  shown  In  Fig.  7 
mounted  on  the  antenna  range.  This  was  a  ground-range  carefully  levelled  and  cleared  eo  that  sidelobe 
levels  can  be  measured  accurately  to  -60  dB  and  usefully  down  to  -80  dB.  The  measured  data  were  recorded 
directly  on  magnetic  tape  to  permit  processing  afterwards  using  a  large-scale  digital  computer.  In 
general,  the  antenna  patterns  ware  plotted  to  a  convenient  format  and  the  Integrated  mainloba-to-sldelobe 
ratio  calculated  and  recorded  at  the  same  time.  The  results  for  an  elevation  angle  of  -2°  are  shown  In 
Fig.  8.  These  are  plotted  on  polar  graph  paper  to  show  the  effect  of  the  aircraft  geometry  on  the  side¬ 
lobe  performance.  The  effect  of  the  tall  can  be  seen  to  be  large.  Also  shown  Is  the  free-space 
performance  of  the  antenna.  It  can  be  seen  that  the  performance  did  not  deteriorate  greatly  when  the 
antenna  was  mounted  on  the  aircraft  except  over  the  tall.  Also  shown  Is  theDPCA  performance,  assuming 
the  use  of  a  double  canceller.  It  can  be  seen  that  this  actually  is  Inferior  to  the  sidelobe  performance 
near  broadside.  These  same  results  are  presented  differently  In  Fig.  9.  Title  makes  clear  the  basic 
nature  of  the  sidelobe  limitation  on  the  Improvement  factor. 

The  elevation  characteristics  of  this  modal  are  shown  In  Fig.  10.  The  flat  behavior  Is  to  be 
noted.  The  bahavlor  over  the  nose  (0°)  Is  typical  but  that  ovar  the  tall  (180°)  Is  still  reasonably 
good. 


The  twelve-element  array  antanna  was  carefully  designed  for  good  sidelobe  performance.  Its  main- 
lobe-to-sldelobe  ratio  in  free  space  Is  some  10  dB  better  than  that  of  the  ten-element  array  antenna.  It 
achieved  thla  by  reducing  the  spacing  between  elements  so  as  to  eliminate  the  grating  lobes  and  by  care¬ 
ful  attention  to  the  detailed  design  of  the  central  elements.  Its  schematic  diagram  Is  shown  In  Fig.  11. 
It  can  be  seen  there  that  only  the  sum  pattern  Is  Implemented  In  this  antenna.  A  photographic  view  of 
thla  antenna  la  shown  in  Fig,  12. 

The  polar  diagram  measured  for  this  experiment  is  shown  In  Fig.  13  to  the  same  reference  as  that 
of  Fig.  8.  The  free-space  performance  Is  now  reprassnted  by  the  center  point  of  the  diagram.  The  general 
behavior  la  such  Improved  except  over  the  tall.  This  can  be  seen  better  In  Fig.  14.  There  Is  now  a 
larger  discrepancy  between  free-space  and  on-alrcraft  performance  Indicating  that  direct  excitation  la 
now  becoming  a  significant  factor.  If  this  could  be  suppressed,  excellent  performance  could  be  achieved 
outside  the  tall  region. 

Figure  15  confirms  the  generally  flat  behavior  available  In  elevation.  This  means  that  good 
performanca  can  be  maintained  down  to  short-range. 

The  slotted-wavegulde  array  waa  designed  to  a  Dolph-Chebyshev  characteristic  with  a  peak  side¬ 
lobe  level  of  -46  dB.  The  free-space  parforsuince  was  measured  to  be  somewhat  Inferior  to  this  and  with 
a  mainloba-to-sldelobe  ratio  some  20  dB  superior  to  that  of  the  ten-element  array  antenna.  The  schematic 
diagram  of  this  array  Is  shown  In  Fig.  16.  It  consists  of  eight  waveguides  (sticks)  excited  uniformly 
by  a  single  manifold,  A  view  of  the  completed  antenna  Is  shown  In  Fig.  17. 
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Some  of  the  results  obtained  with  this  antenna  are  shown  In  Fig.  18.  Characteristics  for 
elevation  angles  of  -2°,  -8°,  and  -12°  are  shown.  The  effect  of  the  wing  can  be  observed  In  the 
characteristic  for  -12°  and  the  effects  of  the  nose  and  engine  nacelles  can  be  observed  In  varying  degree 
in  all  cases.  The  effect  of  the  tall  Is  comparable  to  that  observed  In  the  UHF  case  except  that  It  Is 
restricted  to  a  narrower  sector  because  of  the  narrower  antenna  beam. 

The  elevation  characteristics  for  this  L-band  experiment  are  shown  In  Fig.  19.  It  can  be  seen 
that  the  free-space  performance  of  this  antenna  decreases  quite  rapidly  with  Increasing  depression  angle. 
This  has  been  traced  to  the  presence  of  a  two-peaked  sldelobe  at  a  wide  angle,  symmetrically  placed  around 
the  azimuthal  principal  plane.  The  source  of  this  sldelobe  has  been  attributed  to  an  error  made  In  the 
construction  of  the  manifold.  The  effect  of  this  error  is  significant  on  the  on-alrcraft  characteristics, 
particularly  at  the  larger  depression  angles.  The  characteristics  for  the  100°  look-angle  Is  typical. 

This  deterioration  affects  performance  at  the  shorter  ranges  such  as  20  miles  or  so. 

Discussion 


It  was  found  useful  to  establish  a  theoretical  background  for  these  experiments  by  computing  the 
antenna  patterns  of  the  various  antennas  In  free  space  and  also  when  mounted  on  the  aircraft.  This  latter 
was  done  by  establishing  an  aperture  at  a  distance  from  the  aircraft  sufficient  to  clear  all  obstacles 
and  then  to  compute  the  field  In  this  aperture  due  to  each  element  with  suitable  provision  made  for 
reflection  and  shadowing  by  the  aircraft  structure.  These  contributions  were  than  summed  and  the  Fourier 
Transform  taken  to  determine  the  far-fleld  pattern.  It  was  found  from  the  results  of  these  computations 
that  tolerances  had  to  be  met  of  about  5°  In  phase  and  0.5  dB  In  amplitude  for  each  element.  Also,  the 
major  effects  over  the  tall  and  nose  are  due  to  shadowing.  Elsewhere  at  UHF,  direction  excitation  by  the 
near  fields  of  the  antenna  was  evident. 

The  most  serious  problem  in  this  system  Is  the  poor  performance  over  the  tall.  This  occurs  over 
a  narrow  sector  and  may  not  be  to  significant  operationally.  Two  ways  of  dealing  with  this  would  be 

(a)  to  replace  the  metallic  tail  with  a  dielectric  one  designed  to  minimize  blockage  and  reflection, 

(b)  re-design  the  aerodynamic  structure  so  that  the  tall  does  not  Intrude  Into  the  antenna  beam.  This 
would  be  done  by  adopting  a  multiple  tall  or  by  placing  the  rotodome  on  top  of  an  elongated  single  tall. 

The  latter  approach  Involves  too  drastic  a  modification  of  the  aerodynamic  design,  so  that  the  multiple 
tall  Is  preferred. 

The  best  solution  appears  to  be  the  adoption  of  a  multiple-tail  design  with  each  component  made 
from  dielectric  materials  In  such  a  way  as  to  minimize  reflection  and  shadowing.  This  should  be  sufficient 
to  bring  the  performance  up  to  an  appropriate  level. 

Conclusions 


The  detection  performance  achievable  with  a  low-prf  airborne  radar  Is  limited  by  direct  excitation 
of  the  aircraft  at  UHF.  This  limitation  Is  no  longer  a  factor  at  L-band  but  care  must  be  taken  to  minimize 
reflection  and  scattering. 
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Fig.l  MTI  improvement  factor  (In)  .  n  =  number  of  delays 
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Fig, 2  MTI  improvement  factor  with  no  platform  motion  (In)  and  with  platform 
motion  and  tacear  losses  at  UHF  (Ip )  .  n  =  number  of  delays 
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Fig.3  MTI  improvement  factor  with  no  platform  motion  (In)  and  with  platform 
motion  and  DPCA  losses  (Ij,)  .  n  =  number  of  delays 


Kig.4  MTI  improvement  factor  with  no  platform  motion  (!„)  and  with  platform 
motion  and  taccar  losses  at  L-band  (l„)  .  n  =  number  of  delays 


Fig.5  The  P-3  aircraft 
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Schematic  of  the  ten-element  array 


RELATIVE  MAINLOBE-TO-SIDEUOBE  RATIO  (dB) 


Fig-1 1  Schematic  diagram  of  the  twelve-element  antenna 


RELATIVE  MAINLOBE  /SIDELOBE  RATIO  (dB) 
(ARBITRARY  REFERENCE) 
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ELEVATION  ANGLE  (DEGREES) 


Fig. 15  Elevation  characteristics:  twelve-element  antenna 


1  -  24  23 

m 

WR -80  WAVEGUIDE 

23  24 

J-77  ^  ! 

■ 

1 

1 

Hi 

mm 

! 

/  \  1 

700  u 

— 

~x — i  /  \ 

/ 

/  \ 

7  i 

i  l  / \ 

\ 

/ 

!  /  \  1 

7  ,  ■/--  \ 

L\ 

1  /  \  1 

200  n 

i 

/ x 

5j 

77 

/  \ 

hmhi 

hhhhv 

77 \  1 

NT 

7 

7 v~ 

J 

_  ,  J 

/ \ : 

HI 

Ml 

L ^ 

I 

Hi 

WMk 

7  v7- 

^  "Z-  * 

FRONT 

VIEW 

E 

/ 

DGE  SLOT 

END  VIEW 


Fig, 16  Schematic  diagram  of  the  slotted-waveguide  antenna 


RELATIVE  MAINLOBE /SIDELOBE  RATIO  (dB) 


Fig.  17  The  slotted-waveguide  array  antenna 


Fig.18  Sidelobe  characieristits:  slotled-waveguide  array 


RELATIVE  MAINLOBE/SIDELOBE  RATIO  (dB) 


Fig.  19  Elevation  characteristics:  slotted-waveguide  array 


Fig.20  Comparison  of  sidelobe  characteristics 
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How  was  it  designed  to  overcome  the 


J.  THRAVES:  Would  you  Indicate  the  side  lobe  levels  that  you  have  achieved  on  the 
different  aerial  systems  you  have  described. 

?LpfftJ?u;iar  wlth  ,th®  L  a}ot  arrays  does  thie  mentioned  level  of  kOdB  also  include 

the  Inevitable  croas-polarlaed  level  obtained  with  the  use  of  such  slots.  What  means  was 
used  to  control  thenff 

JEckt ,1®  tk®  azimuthal  principal  plane,  the  10-element  antenna  patterns  show  a 
peak_sidelobe  level  of  23dB  for  the  main  polarization  and  34dB  for  the  cross-polarization. 

The  corresponding  figures  for  the  12  element  antenna  are  30dB  and  32dB. 

For  the  slot  antenna  mentioned  in  the  paper,  the  sidelobe  level  is  generally  about  U2dB 

?«S°UPle  ha™  a  peak  level  of  36dB.  The  cross-polarized  pattern 

ofh36dBtW°  l0b6s  aynBnetrically  Placed  at  +  50°  with  respect  to  boresight  at  the  same  level 

p2rroSoS<“iu1«d2s;i«c“;\;f,^r!i;“™“  sssusS.:  ‘,ut  *M*  «*  ■»» 

A-H •  SMITH:  Wha£  type  of  radome  structure  was  used? 
high  and  varying  incident  angles  near  the  tip? 

Was  the  rotodome  tilted  with  respect  to  the  aircraft  axes  and  i*  so  what  eff>nt  run  *>,.«, 

X"  “  «rial  pattern’  ^at  it  was  desirables  Sp  «,!  b!l?h!rSJntS 

so  that  the  beam  passes  asymmetrically  through  the  radome  tip. 

r  j&F&iip  asgwjsr  sssss  ss?&s:  ssunsss  si 

a  sa  jsssn  °r  *•  "v'' 
-sa^s «- 

s£i*ss  as:  5  ,o~s-?Mi?i,o1r^.^,,±h*5!s»T:*rlo<'1 


and  could* they* be  improved?  ^  ®ffocte  of  Propollor  modulation  and  the  high  tail  structure, 


fejteftjKR,., Pr op® 1  lef  modulation  effects  were  not  measured.  However  tt 
jraatages^of8proPeller.magain8t  S&  the'  aerodynamic 


the  geometry  of 


the 

advantagea  of'propellere^agalnst  thlir  elee^i?6S?gV0uid  have  to  bal“08  «>® aerod^ 

in  the  forward  aspict.  lt  Is  believ^d  that  S^im!;®-^8®88  °£  siting  the  performance 
performance.  oezieved  that  this  limit  would  permit  satisfactory  detection 

retaS?n5Uth"Jr«Mt^odyi||n:iSS?ii?fd^?S*h1t  gr°?t  ^ovement  could  be  obtained  by 
construction  by  one  using  dieleotrie  f?nb«,*  J®Pla°ln8  Its  present  conventional 

frequenoy.  Alternatively  the  single  tall  could  be°r«n? «^°^mh1C8  *ran®Par«nt  at  the  operatlm 
talgh.  but  thl.  would  require  S5S?JS  .SS?^LrSSS  *  "°U1Pl*  °f  ■'•‘““•a  * 
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SUMMARY 


This  paper  principally  describes  a  blade  type  antenna  design  for  airborne  transmission  and 
reception,  with  variants  007erlng  major  sections  of  the  overall  frequency  band  from  26  to  100  KHz.  The 
first  version,  covering  30-76  MHz  is  shown  in  Figure  1,  with  internal  construction  'ghosted'  in. 

It  uses  miniature  high-vacuum  relays  to  tune  via  pre-selection  of  up  to  six  binary-related 
inductors,  providing  up  to  sixty  four  tuning  combinations,  with  individual  band  widths  varying  from  about 
-0.5  to  5.0  MHz.  The  relays  are  remotely  controlled  either  manually  or  automatically,  and  the  retune 
process  can  be  virtually  instantaneous  upon  both  'receive'  and  'ready  to  transmit'  modes,  without  having 
to  be  incepted  by  any  period  of  transmission. 

Incorporation  of  a  variable  -  tuning  system  was  compelled  by  the  specified  combination  of 
total  frequency  coverage  and  maximum  allowable  dimensions  for  the  antenna.  However,  experimental 
investigations  into  the  practical  limits  of  broadbanding  produced  an  antenna  design  fixed-tuned  to  oover 
38  to  46  MHz,  which  is  briefly  described. 

The  paper  also  provides  brief  description  of  a  wideband  VHF  homing  antenna  which  is  now  in 
process  of  field  trials  for  Gazelle  helicopters.  The  system  is  principally  unusual  in  its  use  of  antenna 
elements  formed  out  of  transparent  metallic-film  depositions  upon  the  acrylio  canopy  of  the  helicopter. 


Production  of  the  wideband  T/R 
antenna  system  resulted  from  a  new 
specification  requirement  for  coverage  of 
tbe  total  band  30-76  MHz,  or  preferably 
30-100  MHz,  within  dimensional  and  other 
characteristics  permitting  interchangeable 
fitment  on  aircraft  types  ranging  from 
helicopters  to  supersonic  fighters.  In 
practice,  this  restricted  size  and  shape 
more  or  leas  to  that  currently  in  use  for 
blade  antennas  covering  some  108-156  MHz. 

Basic  design  proved  to  be  dominated 
by  the  further  specification  requirement  that 
the  complete  T/R  system  maintains  total  radio 
silence  during  possibly  frequent  changes  in 
frequency  of  'receive'  or  'readiness  to 
transmit'.  Apparently,  currently  available 
location  equipment  can  produce  a  'fix'  on 
transmissions  lasting  only  a  small  fraction 
of  a  second. 


This  radio-silenoe  requirement 
prevented  retune-control  of  the  antenna  by 
the  conventional  process  used  in  H.F. 
equipment,  whereby  phase  and  magnitude 
relatlonnhips  of  antenna  input  voltage  and 
current  are  sensed,  amplified,  and  used  for 
servo-drive  to  antenna  tuning-matching 
circuits.  The  sensing  and  retune  process 
requires  a  transmission  period  of  a  few 
seconds  upwards,  even  for  'reception'  only, 
unless  this  latter  oan  tolerate  loss  of 
sensitivity  arising  from  antenna  mistune. 

The  antenna  had  therefore  either 
to  be  retuned  by  the  selection  of  pre¬ 
determined  settinge,  or  be  broadbanded  to 
cover  the  full  frequency  range  at  a  single 
fixed  -  tuned  setting. 


The  rore  reoent  of  VHF  broadband  blade  antennas  have  aohiered  coverage  of  some  100-162  KHt, 
i.e.  a  ratio  of  upper  to  lower  frequency  *“/fl  •  1.62,  where  the  blade  height  is  equivalent  to  some  Vo 
at  the  lowest  frequency  fl.  For  the  required  lcw-VHF  band  antenna,  30-76  KHs  at  least,  ‘/t\  ■  2.3, 
where  a  similar  dimension  now  represents  only  some  V26.  Clearly  not  the  most  hopeful  situation! 
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.  J  „  Nevertheless,  initial  investigations  were  made  into  the  possibilities  for  extending  exiating 

broadband  techniquea.  Although  not  achieving  the  deaired  aim,  theae  inveatigationa  did  produce  a  design 
covering  38-46  MHz,  in  fulfilment  of  an  alternative  requirement.  Figs.  2  and  3  show  respectively  the 
antenna  blade  and  ita  circuitry  essentials. 


Fig.2 


Fig.? 


n.  ..  Principaliy  via  the  elevated  stray  capacitance  01  to  ground  of  the  tubing  section  o 

th^  bfndhoo5i«!I"fibH’  bl^*’n  Th*  01  thia  tub»  i*  an  insignificant  fraction  of  a  wavelength  within 

circular  d’  d  V*i'tloally  P°larised  radiation  has  an  azimuthal  pattern  which  ia  very  substantially 


Radiating  capacitance  Cl  ia  resonated  by  high  'Q'  inductor  LI.  A  part  of  U  is  common  with  a 
second  resonant  circuit  L2/C2-C23,  023  being  common  with  a  third  resonant  circuit  L3/C3-C23.  The  terminal 
connection  is  tapped  across  a  part  of  L3,  via  a  short  coaxial  line  section,  with  a  short-circuited  stub  in 

Stlliflt  e 


Figure  4  shows  overall  response  in 
terms  of  V.S.w/.R.  relative  to  30  ohms,  at  the 
terminal  connector.  V.S.rf.R.  rises  very 
rapidly  for  frequencies  outside  the  paasband, 
and  the  experimentally  -  achieved  design  gave 
no  indication  of  possible  extension  to  cover 
30-76  KHz  or  more,  since  the  triple-tuned 
circuit  gave  only  moderate  advantage  over  what 
had  previously  been  achieved  using  only  two 
fixed-tuned  circuits. 

Design  effort  was  next  directed  at 
variable  -  tuning  of  one  circuit  only  out  of  the 
twin-tuned  arrangement,  as  shown  in  Fig.5A, 
which  can  be  redrawn  as  5B  to  show  it  more 
clearly  as  a  conventional  band  pass  arrangement. 
This  ia  tightly  coupled  by  the  fact  of  the  * 
whole  of  one  tuning  inductor  (L2)  being  common 
to  both  the  fixed  tuned  circuit  C1/LUL2  and 
the  variably  tuned  circuit  L2/C2+C12.  Control 
of  matching  to  the  line  is  achieved  by  varying 
the  ratio  of  C2  to  C12. 


Fip.58 


Fig.5A 


u  „  Haaiation  is,  as  before,  from  the  elevated  capacitance  Cl,  and  the  circuitry  objective  is  to 
achieve  effective  radiation  by  considerable  voltage  magnification  across  Cl.  The  voltages  appearing 
across  C2/C12/L2  are  very  much  lower,  thereby  simplifying  the  problems  of  providing  for  variable  tuning 
in  a  device  which  must  accept  the  severe  environment  of  external  fitment  on  high-speed  aircraft. 


13-3 


Nevertheless,  the  arrangement  became  abandoned  in 
favour  of  the  reversed  arrangement  of  Figure  6,  where  the  high- 
voltage  radiating  cirouit  is  variably  tuned  by  the  inductor 
series  Ll-1  to  Ll-6  inclusive.  The  arrangements  for  providing 
and  controlling  change  of  total  inductance  value  became  the 
essential  basis  of  the  wide-range  antenna  design,  of  which  the 
first  variant  is  shown  in  Fig.l,  using  a  mesh  plate  form  for 
the  radiating  capacitance  Cl. 

In  Fig. 6,  the  inductor  series  Ll-1/6  comprises  six 
printed  circuit  coils  having  inductance  values  in  an  approximately 
binary  relationship.  Departure  from  exact  binary  is  due  to 
mutual,  inductance  between  them,  and  because  the  stray  inductance 
of  interconnections  is  comparable  in  value  to  the  smallest  of  the 
discrete  inductors.  Shorting-out  from  0  to  6  coils  provides  a 
total  of  64  combinations  at  constant  increments,  except  for  the 
strays. 

Six  of  the  possible  inductance  combinations  will  each,  of  course,  be  that  of  a  single  coil 
only,  when  virtually  the  full  resonant-magnified  voltage  appears  across  that  coil  and  its  switching. 

When  coils  are  shorted  out  of  circuit,  their  switching  must  carry  the  full  3.F.  current  of  the  resonant 
circuit,  and  needs  to  have  extremely  low  contact  resistance  in  order  not  to  become  comparable  with  the 
quite  low  radiation  resistance  of  Cl. 

This  combination  of  switching  requirements  is  met 
in  remarkably  small  dimensions  by  the  high-vacuum  relay  illustrated 
in  Fig.7  (approx,  full-size).  The  switching  rod  (r)  pivots 
from  a  diaphragm  (d)  which  forms  one  contact  lead-out  (Cl),  and 
which  is  also  the  seal  between  vacuum  chamber  (v)  and  the 
operating  solenoid  (s)  and  armature  (a).  A  ceramic  bead  (b) 
provides  low-capacitance  isolation  between  the  switching  and 
operating  parts  of  the  rod.  The  vacuum  chamber  uses  ceranio 
insulators  (11/12) ,  sealed  to  the  lead-out  contacts  (Cl/2/3). 

Although  as  shown  it  is  a  changeover  devioe,  in  the  antenna 
C1&2/C3  are  used  only  as  an  open/closed  contact  pair. 

The  plate  radiator  is  provided  by  a  fine  mesh  of  stainless  steel  wires,  moulded  into  the  outer 
surface  of  the  upper  part  of  the  glass-fibre  shell  which  houses  antenna  oircuitry.  The  moulding  process 
leaves  all  wire  intersections  just  exposed  at  the  glass-fibre  surface,  to  minimise  radio-noise  problems 
arising  from  redistribution  of  statio  charges  aoquired  during  high-speed  flight. 

A  requirement  for  this  plate  to  have  maximum  effective  height  has  to  balance  against  the  need 
for  its  capacitance  Cl  to  be  substantial  compared  with  non-radiating  stray  capacitances  associated  with  the 
inductor  aeries  and  their  switching  relays.  This  was  experimentally  compromised  by  mesh  extending  over 
the  upper  third  of  the  shell,  producing  Cl  about  10  pf  at  an  effective  height  of  about  0.3  metre. 

With  the  induotanoe  values  (all  6  coils  in  circuit)  necessary  to  tune  Cl  to  30  MHz,  the  circuit 
strays  of  capacitance  and  inductance  initially  produoed  an  upper  frequency  limit  of  73  MHz,  with  all  coils 
shorted-out  of  circuit.  However,  in  a  later  version,  reduction  of  (particularly)  the  inductance  strays 
allowed  frequency  range  to  extend  up  to  100  MHz,  as  currently  available. 

The  inductance-variation  method  used  was  found  to  provide  a  useful  bonus,  whereby  it  proved 
possible  to  couple  between  terminal  and  the  anteuna  cirouit  via  a  ferrite-cored  wideband  transformer  of 
fixed  ratio.  This  arises  beoause  change  in  Q  value  of  the  series  resonant  circuit  Cl/1.1-1/6  is  of  such 
form  as  to  balance  changes  in  the  radiation  resistance  Rr  of  Cl. 

Fig. 8  shows  change  of  Q  with  change  of  inductor  combination  selected,  in  the  absence  of 
radiation  from  Cl.  .is  set  for  low-frequency  operation,  overall  Q  is  high,  since  the  discrete  high-Q 
inductance  la  large  compared  to  the  stray  induotanoe,  which  has  low  Q  value.  This  low  Q  predominates 
when  the  discrete  inductors  are  all  or  most  shorted  out  of  oiroult  for  operation  towards  the  upper 
frequency  limit. 

The  general  fora  of  Q  variation, 
as  averaged  between  the  two  dotted  curves, 
is  subject  to  oyolle  variations,  with 
peaking  at  each  frequency  tuned  by  a  single 
inductor.  For  the  next  frequsnoy  above 
each  such  condition,  all  the  smaller 
lnduotors  will  come  Into  circuit  in  place 
of  the  single  larger  one,  with  an 
appreciable  fall  in  overall  Q.  For 
tunin'  to  30  MHz,  whose  high  Q  is 
essential,  the  two  smallest  indue tore  are 
therefore  excluded  from  use. 


OPERATINO  FREQUENCY 

Fig.  8 
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Figure  9  shows  the  measured  overall  response  of  an  early  version  of  the  antenna,  in  terms  of 
passband  f/Af  for  V.S.4.R.  3.0  :  1  maximum,  against  the  centred  frequencies  tuned  by  each  different  coil 
combination.  The  dotted  slopes  mark  bandwidths  of  1,2, 3, 4,5  and  10  MHz  (overall)  respectively.  As 
can  be  seen,  inclusion  of  the  two  smallest  coils  to  tune  to  30  MHz  reduces  bandwidth  marginally  below  1  MHz. 


f  (MHz) 

Fig.  9 


Since  it  was  not  intended  to  use  frequency-setting  information  finer  than  1  MHz  steps,  a  later 
design  increased  certain  inductor  values  in  order  to  tune  down  to  3O.5  MHz  (central  frequency)  by  coil 
combination  3456  only.  This  then  maintained  at  least  1  MHz  bandwidth  from  30  to  40  MHz,  2MHz  from  40  to 

at  least  50  MHz,  and  rising  to  15  MHz  overall  bandwidth  for  the  upper-frequency  limit  condition,  where  all 
colls  are  shorted  out  to  tune  by  stray  inductance  alone.  Above  40  MHz,  therefore,  there  is  an  increasing 
redundancy  of  coil  combinations  if  the  1  MHz  frequency-setting  steps  are  maintained. 

The  antenna  was  intended  for  fitment  onto  a  variety  of  different  aircraft,  producing  possible 
considerable  variation  in  effective  ground  plane  area,  or  even  in  grounded  metalwork  relatively  near  to 
the  mesh  plate  radiator. 


figure  10  curve  A  shows  ”5 
the  shift  of  resonant  frequency  .5 

resulting  from  charge  of  flat  g 

ground  plane  size,  from  8ft.x4ft.  = 

down  to  4ft.x2ft.,  i.e.  one  quarter  E 
of  the  area.  Curve  B  shows  the 
very  reasonable  compensation  e 

resulting  from  addition  of  a  small  2 
(3?"xlJ'!)  horizontal  plate  upon 
the  antenna  top.  However,  the  f 

existence  of  redundant  coil 
combinations  makes  it  possible  g 

alternatively  to  oorrect  for  1 

ground  plane  size  within  the  g 

antenna  control  circuitry,  and  £ 

provision  for  this  has  been 
incorporated  into  certain  control 
units. 


20  30  40  50  60  70  80  00 

f  (MHz) 


Fig. 10 

Antenna  retune  via  the  relays  requires  s  nominal  28  volts  8.O.,  with  some  30-35  iv'a  per  relay, 
i.e. 200  s/a  maximum  total.  Relays  are  so  arranged  that,  when  energised,  they  short-out  the  inductors,  so 
that  failure  of  either  operating  solenoid  or  power  supply  lsavts  the  antenna  tuned  below,  rather  than  abova 
tha  intended  frequency,  which  has  some  marginal  benafit.  The  inductor  board  and  control  tarmlnal  assembly 
Incorporate  shunt  diodes  and  fllteroons  to  prevent  unwanted  transfer  of  signals  in  either  direction  between 


antenna  circuit  and  the  tuning  control  linsa. 
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Remote-control  retune  of  the  antenna  can  be  achieved  by  one  of  the  following  methods! 

a)  A  manually  operated  rotary  switch  unit,  which  must  be  reset  separately  from  the  T/R  retune 
control(s).  The  switch  unit  has  30  positions,  covering  the  total  frequency  range  in  1  MHz 
steps  up  to  40  MHz,  thereafter  including  some  greater  bandwidths  per  step. 

b)  rfhere  associated  with  newly-developed  T/R  equipments,  by  incorporation  of  additional 
contacts  onto  the  frequency-control  switching  of  the  T/R,  for  simultaneous  control  of  both. 

c)  With  existing  equipments,  by  automatically  following  any  retune  of  the  T/R,  via  a  solid- 
state  'logic*  or  'code'  converter  operating  from  the  same  D.C.  potentials  as  are  used  to 
control  frequency  setting  of  the  T/R.  The  principal  function  of  this  converter  unit  is 
to  change  the  code  of  the  particular  T/R  into  the  near-binary  code  necessary  for  antenna 
control. 

Only  D.C.  potentials  exist  at  either  input  or  output  terminals  of  the  logic  converter,  whioh 
may  be  positioned  anywhere  between  antenna  and  T/R  unit,  although  adjacent  to  the  latter  is  the  usual, 
position.  The  converter  unit  operates  to  follow  any  change  in  frequency  cf  either  'receive'  or  'readiness 
to  transmit',  without  the  process  needing  to  be  incepted  by  any  period  of  full  or  partial  transmission 
power,  hence  operating  in  total  'radio  silence'. 

Each  type  of  logic  converter  comprises  the  following  3  basic  units,  plus  a  stabilised  and 
filtered  power  supply  operating  from  the  aircraft  nominal  28  volt  D.C.  line. 

a)  The  input  isolating  stages.  There  is  one  isolator  for  each  information  line,  to  prevent 
any  loading  which  might  possibly  affect  T/R  frequency  control.  As  examples,  the  Arinc 
Code  410  uses  10  lines  for  units  and  (all)  tens  of  MHz,  whereas  the  code  for  ARC  34  and 
ARC  131  needs  only  6  lines  for  units  and  tens  of  KHz  from  3°  to  75  MHz.  The  above  two 
codes  use  only  on-off  information  per  line)  as  an  alternative  example,  ARC  114  code  uses  3 
potential  steps  per  line  to  control  from  30  to  75  MHz  by  only  3  lines  (in  all  cases,  plus 
ground). 

b)  The  code  converter  stage.  In  original  designs,  these  units  included  a  multi-pin  programming 
plug  =nd  socket,  allowing  a  limited  degree  of  code  conversion  variation  by  plug  interchange. 
This  was  principally  intended  to  provide  for  adjustment  to  suit  the  effects  of  differing 
ground  plane  characteristics.  However,  any  requirement  for  such  adjustment  has  proved  too 
marginal  to  justify  the  complication,  and  the  programming  facility  has  been  omitted  from 
most  later  designs.  Recent  design  of  these  converter  stage  units  has  been  based  upon  use 

of  'Read-only  memory'  units  (ROMS),  which  are  fixed-programmed  by  a  master  controlled 
burn-out  process. 

c)  Power  amplifier  stages.  There  is  one  of  these  for  each  relay  (normally  six),  providing 
adequate  current  reserve  to  ensure  relay  closure,  each  incorporating  a  resistive  limiter  to 
prevent  damage  in  the  event  of  an  accidental  short-circuit.  These  stages  are  unchanged 
throughout  the  range  of  converter  variants. 

ligure  11  represents  logic  converter  type  7-4,  for  use  with  the  special  5  line  coding  system  of 
ARC  44  T/R.  This  converter  still  includes  the  programming  plug  facility,  to  allow  for  modified  versions 
of  the  ARC  44  covering  different  frequency  bands,  either  30-56  or  26-52  MHz.  To  suit  this  latter  range, 
the  antenna  capacitance  plate  has  been  supplemented  by  a  top  tubing  section  (similar  to  that  on  the  antenna 
shown  in  Fig. 2).  This  extends  the  lower  frequency  limit  down  to  24  MHz,  but  restricts  upper  frequency  to 
very  little  above  the  required  52  MHz. 


This  particular 
logic  converter,  as  well  as 
some  others,  incorporates 
delay  into  the  input  stages, 
whereby  the  converter  is 
held  inoperative  until  the 
input  information  has 
remained  unchanged  for  about 
seconds.  This  prevents 
chatter,  and  hence  needless 
wear  of  the  very  fast-acting 
relays  in  following  every 
frequency-setting  passed 
through  when  the  T/R  changes 
from  one  frequency  to 
another.  Antenna  retune 
is  completed  in  only  milli¬ 
seconds  after  the  second 
delay  period,  whilst 
remaining  functional  to 
whatever  extant  the  miatune 
is  acceptable.  Certain 
T/R  aquipmanta,  suoh  as 
Marconi  AD  1400,  incorporate 
an  'inhibit*  line  which 
substitutes  for  converter 
delay  circuitry. 


TO  RELAY  I  TO  RELAY  2  TORLY3  TO  RLY.4  TORLY.5  TO  RLY.  6 
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There  have  been  several  special 
applications  of  the  inductance-tuned  antenna 
system  described,  each  using  the  basic  assembly 
board  of  coils,  relays,  transformer  and  filters 
as  shown  in  Fig. 12. 

In  one  of  these  applications,  the 
tuning  assembly  has  been  mounted  within  the 
glass-fibre  tailcap  of  a  helicopter,  with  the 
radiating  capacitance  formed  of  aluminium  foil 
bonded-on  to  the  inner  surface  of  the  t&ilrap. 
The  plate  area  io  set  to  produce  the  correct 
tuning  capacitance  to  the  ground  metalwork  at 
the  base  of  the  tailfin. 

With  this  configuration,  the 
capacitance  paths  are  considerably  longer, 
equivalent  to  greater  effective  height  than 
with  the  blade  antenna  (Fig.l)  as  normally 
mounted  over  a  relatively  flat  fuselage  area. 
This  increased  effective  height  markedly 
improves  bandwidth  near  the  low-frequency 
end  of  the  band. 

In  another  application,  there  is 
a  requirement  for  the  normal  transmission/ 
reception  on  any  selected  frequency  to  be 
supplemented  by  simultaneous  reception  only 
on  a  fixed-frequency  'guard'  channel.  This 
has  been  achieved  by  an  additional  capacitance 
plate  part-wry  up  the  antenna  housing  of  Fig.l, 
fixed-rescnated  and  coupled  via  the  same 
ferrite-cored  transformer  to  the  single 
terminal  connector.  Sensitivity  on  the  guard 
channel  ie  rather  low,  but  acceptable. 


An  antenna  system  very  different  from  those  described  above  has  been  evolved  to  cover  the  same 
frequency  band  of  30-76  MHz  for  'homing'  reception  on  helicopters. 


For  this  function,  variably-tuned  antenna  systems  are  not  practicable,  and  it  has  proved 
difficult  to  obtain  an  adequate  combination  of  bearing  discrimination  and  signal  sensitivity  from  a  single- 
pattern  antenna  system.  The  practice  has  therefore  become  one  of  rapid  left-right  switching  (or  'lobing') 
of  two  complementary  patterns.  These  may  derive  either  from  two  separate  antenna  systems,  or  more  commonly 
from  one  in  which  all  parts  of  the  antenna  contribute  squally  to  both  patterns. 

The  achievement  of  acceptable  homing  patterns  generally  compels  placement  of  the  antennae  at 
the  extreme  forward  end  of  the  helicopter,  and  clear  of  conducting  projections.  As  with  all  aircraft 
usage,  dimensional  limitations  produce  a  preference  for  unipcle  antennas,  but  these  are  particularly 
susceptible  to  the  irregular  shape  and  erratic  skin  conductivity  typical  of  Helicopters. 

Dipole  systems  have  a  somewhat  lesser  dependence  on 
the  nature  of  nearby  metalwork,  but  for  the  frequency  band 
30-76  MHs,  the  necessary  dipole  dimensions  are  generally 
objectionable  within  the  pilot's  field  of  view,  or  else  create 
other  operational  problems.  Fig, 13  shows  a  dipole  self¬ 

resonant  at  about  the  band  centre  frequency,  fitted  onto  the 
front  of  a  Gazelle  helicopter.  Two  such  dipoles,  left-right 
spaced  at  about  V  6,  have  their  outputs  combined  after  phase- 
shifting  to  produce  approximately  cardiod  patterns,  lobing- 
awitched  for  homing  purposes.  Som«,  at  least,  of  the 
operational  objections  are  self-evident. 

In  order  to  provide  a  better  alternative, 
experiments  have  been  conducted  using  antenna  elements 
formed  of  metallic  film  sufficiently  thin  to  be  effectively 
transparent,  and  so  u.'e  to  be  placed  directly  upon  the 
perspex  canopy.  The  acceptable  levels  of  light  loss  and 
scatter  have  been  found  to  be  determined  principally  at  the 
observable  junctions  of  conductive  and  ncn-oonductive  areas; 
by  so  arranging  element  shape  that  these  junctions  appear  as 
true  verticals,  it  has  been  found  possible  to  gain  acceptance 
of  gold  film  depositions  producing  conductivity  of  about 
1/10  MHO  per  square. 

The  gold  film  material  ia  firet  deposited  onto  a  thin  acrylic  (perspex)  sub-strate,  complete  with 
fully  conductive  termination  strips,  which  are  of  auch  size  and  position  that  opacity  is  acceptable.  The  sub¬ 
strate  also  carries  a  connecting  length  of  transmission  line  formed  by  two  thin  wires  embedded  into  grooves. 
The  assembly  is  then  autoclave-bonded  onto  the  inner  surface  of  the  perspex  canopy,  and  the  bondad-in 
transmission  line  connected  to  a  moulded  perspex  socket-block  also  bonded  directly  on  to  the  canopy. 


Investigations  into  a  practical  antenna 
system  were  initially  baaed  upon  a  single  loop  of 
horizontal  form,  split  for  the  insertion  of  resistive 
termination  at  one  end  and  signal  coupling  at  the 
other,  to  produce  left-right  cardiod  patterns  by 
reversal  switching  of  termination  and  coupling  positions. 

The  inveatigations  then  became  associated 
with  Gazelle  helicopters,  on  which  the  perspex  canopy 
is  vertically  spanned  by  supporting  metalwork  at  the 
centre.  This  compelled  change  to  a  system  of  two 
separate  loops,  now  of  vertical  form,  and  shaped  to 
appear  as  vertical  opacity- boundaries  upon  the  double- 
curved  canopy,  when  viewed  from  the  pilot's  position. 

In  Fig.l4  the  film  conductive  areas  are  illustrated 
much  more  densely  than  in  reality. 

Intent  was  to  interconnect  the  two  separate 
loops  for  combined  function  as  a  single  loop,  producing 
combined  left-right  patterns  by  termination  switching 
as  for  the  single  horizontal  loop.  However,  this 
arrangement  was  found  to  complicate  optimisation  of  the 
loop  configurations,  and  was  temporarily  abandoned  in 
favour  of  treating  each  loop  as  a  self-eomplete  system, 
then  merely  switching  over  from  one  loop  to  the  other. 


Gold  film  loops  on  Gazelle 

Fig.14 


Each  loop  is  therefore  split  for  fixed  insertion  of  a  termination  resistor  and  signal  coupling. 
Vithin  the  configuration  shown  in  Fig.l4,  the  1/10  MHO  per-square  film-conductivity  produces,  for  each 
complete  loop,  a  resistive  value  of  some  300  ohms,  the  terminating  resistor  and  transmission  line  impedance 
being  of  similar  values.  The  bonded-on  socket  connects  via  a  short  length  of  flexible  twin-wire  trans¬ 

mission  line  to  a  balun,  for  ccnversion  to  30  ohms  unbalanced  (co-axial). 


Fig.l5A  shows  the  patterns  achievable  at  30, 35, 50, o0  and  70  MHz,  with  the  complementary  pattern 
(left-right  reversed)  for  30  MHz  also  included.  In  All  cases,  sensitivity  has  been  normalised  to  the 
forward  direction  0  .  Disappearance  of  the  sideways-looking  null  at  theQlover  frequencies  is  of  no  con¬ 
sequence,  except  insofar  as  this  diminishes  rate  of  change  up  to  about  30  on  either  side  of  the  true 
forward  bearing.  The  30  MHz  pattern  shown  does  in  fact  provide  a  sufficient  bearing  discrimination, but 
does  not  yet  include  the  almost  inevitable  deterioration  with  aircraft  mounting. 

The  patterns  of  Fig.l5A  are  all  for  zero  elevation  angle;  Fig.153  shows  the  50  MHz  pattern  at 
increasing  angles  of  elevation.  Although  sensitivity  diminishes,  the  pattern  remains  gratifyingly 
acceptable. 


This  antenna  system  is  currently  being  investigated  under  flight  service  conditions. 


Azimuthal  pattern  -  zero  elevation 


Azimuthal  pattern -varied  elevation 
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DISCUSSION 


R.  DEASY:  Please  comment  on  the  efficiency  of  the  tuneable  antenna  and  on  the 
insertion  T3sfi  versus  mismatch  loss  for  the  tuned  condition. 

C.  E.  COOPER;  Efficency  is  variable  depending  on  the  Q  of  the  inductore  actually  used 
for  tuning  at  each  frequency.  The  Q  of  the  coll  hus  a  large  effect  on  the  frequency  band 
width  for  any  given  setting  of  the  tuner. 

R.A.  BURBERRY:  Could  you  please  comment  on  the  gain  of  the  blade  aerial  compared  with 
for  example  a  resonant  monopole. 

C.E.  C DOPER:  Comparing  a  series  of  self-resonant  dipoles  with  the  blade  antenna  switched 
to  etch  frequency,  the  blade  gain  is  down  compared  with  the  dipoles  by  3orae  1-2dB  at  the 
high  frequency  end  of  the  band,  increasing  to  some  6-7dB  at  the  low  frequency  end. 

However,  comparing  a  single  dipole  self-resonant  at  about  the  centre  of  the  overall 
range  covered  by  the  blade  antenna  with  the  blade  antenna  switched  to  follow  the  operating 
frequency,  dipole  and  blade  become  equal  a  few  MHz  off  the  dipole  resonant  frequency,  and 
for  greater  deviation  in  frequency,  the  blode  antenna  shows  higher  gain  than  the  dipole. 

M,H.  MATTES:  I  would  like  to  corrment  that  with  the  development  of  alrtoourne  antennas 
they  are  becoming  more  end  more  sophisticated  and  complicated.  Although  there  is  no  doubt 
that  these  antennas  have  improved  performance  compared  with  simpler  ones,  they  give  rise 
to  problems  for  those  who  measure  antenna  radiation  patterns  using  aircraft  models.  For 
such  work  scaled  antenna  models  are  required  and  the  problem  arises  of  including  within  tTie 
model  the  circuitry  which  is  used  within  the  full  sized  antenna.  Sometimes  this  proves 
impossible. 


C_. E.CeOPKR:  In  general,  the  point  is  accepted.  However,  in  the  case  of  the  two 
communications  antennas  described  the  radiating  function  is  simply  that  of  a  capacitance 
plate,  involving  no  difficulty  if  scaled  representation.  The  two  different  tuning  coupling 
systems  used,  although  physically  contained  within  the  antenna  housings,  are  not 
substantially  radiative.  Consequently,  in  these  instances,  there  is  no  requirement  for 
them  to  be  represented  in  scale. 
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SUMMARY 


An  exact  analytical  and  numerical  method  has  been  elaborated  for  the  complete 
determination  of  the  propagating  modes  in  a  reduced  size  circular  TE11  waveguide  partial¬ 
ly  or  fully  filled  with  a  lossy  axially  partially  magnetized  ferrite  rod. 

We  are  presenting  some  computed  results  at  17  GHz  and  9-5  GHz  which  allow  for 
optimization  of  circulary  polarised  phasers  such  as  Dual  Plode  Phasers  (D.M.F.)  or  Pola¬ 
rization  Insensitive  Phasers  P.I.P. 

1.  INTRODUCTION 

The  electromagnetic  propagation  of  waves  in  circular  waveguides  containing  a 
gyromagnetic  medium  has  been  the  object  of  many  studies  for  the  last  twenty  years 
(KALES  M.L.  1953,  Van  TRIER  A. A.  th.M,  1953,  CLAPRICCATS,  P.J.B.  1957,  1959  ; 

WALDRONRA  1958,  1960-1963  )  . 

The  purpose  of  this  study  is  to  determine  the  best  choice  of  materials  and  the 
well  suited  geometry  for  reduced  space  ferrite  phasers  widely  used  *in  electronically 
scanned  antenna  systems. 

In  this  paper  after  a  short  review  of  the  analysis  study  of  propagation  in 
loaded  TSji  circular  waveguides  we  present  the  numerical  results  obtained  in  KU  and 
X  band  for  two  particular  structures  : 

1)  a  fully  filled  lerrite  waveguide 

2)  a  partially  loaded  ferrite  waveguide 
in  the  two  cases  the  ferrite  is  axially  magnetized. 

2.  GENERAL  TREATMENT 

The  analytical  calculation  of  the  propagating  modes  in  these  two  structures 
is  based  on  a  theoretical  model  using  the  following  hypothesis  : 

-  Structure  infinite  along  the  propagating  direction  or  finite  with 
no  terminal  reflections  , 

-  Perfectly  conducting  waveguide  walls, 

-  Poly c rys tall ine  ferrite  material  biased  by  an  uniform  static  magnetic 
field, 

-  Lossy,  dispersive  and  homogeneous  dielectric  and  ferrite  materials, 

-  Linear  behavior. 

2.1.  Analytical  treatment 

In  these  conditions,  the  propagation  constants  are  obtained  by  solving  a 
general  equation  F(r)  ■  0  with  I  »  a  +  j  8.  This  equation  corresponds  to  the  determinant 
of  the  boundary  conditions  system.  It  is  transcendental  involving  complex  BES6EL  func¬ 
tions.  The  analytical  study  was  first  presented  at  a  seminar  in  FRANCE  (DUPUTZ  A.M.  and 
PRIOU  A.C.  1972  )  . 

2.2.  Numerical  analysis 

A  general  method  has  been  investigated  to  find  a  numerical  solution  of  F(r)  ■  0 
by  computing  (  DELFOUR  A.,  PRIOU  A.,  GAHDIOL  F,  CHICAGO  1972  )  .  We  then  count  the  propa¬ 
gating  modes  and  characterize  them  as  follows  : 

-  Insertion  loss  and  phase  shift  per  unit  length, 

-  Spatial  field  configuration  and  polarization  state, 

-  Power  flow  distribution  in  any  section, 

-  Distribution  of  the  absorbed  power  in  the  uaterials. 
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2.3.  Materials  characterization 

This  general  treatment  was  applied  in  the  case  of  a  partially  magnetized  ferrite. 
The  evolution  of  the  real  parts  of  the  permeability  tensor  elements  u',  K'  and  y'z 
is  given  with  the  RADO,  GREEN  SANDY  and  PATTON  formulae  (RADO  GT  1953,  GREEN  J.J. 

SANDY  F.  and  PATTON  -  1 9 7 1 )  and  is  represented  in  Figure  1  versus  the  internal  H* 
magnetic  field  : 


-  p!  ♦  (1  -  y!)  th,(  1,2?(M/Ma)..2) 
X  1  th( 1  ,25) 


u-  .  y* 
2  1 


(  i  -  (m/m8)5/2)  k  1  m  ~  y  M/ui 


y!  is  the  real  part  of  the  initial  permeability  (Hi  *  0), 


But,  actually,  we  don't  know  the  imaginary  parts  y",  K"  and  yz  for  the  ferrite 
used.  These  elements  had  to  be  measured. 


However,  in  our  general  computer  program  involving  both  the  dielectric  and 
magnetic  losses  in  the  ferrite,  we  have  used  the  qualitative  features  set  up  by  GREEN, 
SANDY  and  PATTON  (GREEN  J.J.,  SANDY  F.  ,  PATTON  C.E.  1971)  .  They  conclude  that,  when 
“M 

—  <  0,75,  we  can  describe  the  loss  nf  the  partially  magnetized  state  by  a  single 

M  ,, 

parameter  y^,  value  of  y"  in  the  demagnetized  state.  We  let  then  : 

y"  -  y"  *  y^  ;  K"  *  0  in  the  range  :  0  to  50  oe. 


3.  GEOMETRICAL  OPTIMIZATION  IN  KU  BAND 


3.1.  Partially  loaded  waveguide 


A  ferrite  rod  (radius  b)  is  located  on  the 
guide  (inner  radius  a  *  3  mm).  The  ferrite  rod  is 
( r.  *  3.8  i  tgfi  «  2  x  10-**).  The  TEii  mode  is  then 


axis  of  a  reduced  size  circular  wave- 
surrounded  by  quartz  dielectric 
the  only  propagating  mode  in  the 


quartz  loaded  vaveguide. 


The  L.T.T.  6108  nickel  ferrite  characteristics  are  : 


Ma  ■  0,U6  T  ;  r.  f  ■  12,6  i  t  gi  ■  3,8  x  10  ^  ;  yj  *  0,85  ; 
y !'  «  6  x  1 0  ^ 

The  signal  frequency  f  “  (17  *  0,5)  GHz. 


Moreover  the  "Lignes  Tilegraphiquen  et  TelSphon iques "  Firm  (L.T.T.)  has  provided 
us  the  hysteresis  loop  end  the  first  magnetization  curve  for  each  ferrite. 


3.1.1.  b  ■  1,6  mm  variable  frequency  and  static  field 

We  note  the  following  for  the  two  fundamental  rotative  modes  : 

-  There  is  an  increase  of  the  attenuation  constants  a  ♦  and  a  -  with  the 
frequency  (Fig. 2).  The  absorption  losses  of  the  negative  rotative  mode  are  greater  than 
those  of  the  positive  rotative  mode. 

In  the  same  figure,  we  have  sketched  the  curve  o  ■  a+  ♦  a  which  represents  the 
attenuation  constant  of  a  transmission  P.I.P.  element.  If  the  latter  has  a  2  t  length, 
the  insertion  loss  is  equal  to  a  l  :  a  remains  almost  constant,  about  0,1*  db/cm  in  the 
magnetic  field  range  from  zero  to  50oe. 

-  The  maximum  value  of  the  differential  phase  Bhift  AS  “  A8  ♦  AS  is  equal  to 
100  deg/cm  in  the  cons i dered bandwidt h ( F ig .  3  ) . A  8  t  is  then  the  phase  shift  of  circu¬ 
larly  or  linearly  polarized  wave  propagating  through  the  2  i  length  P.I.P.  element. 
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We  note,  also,  an  appreciable  dispersion  over  the  bandwidth  (16,5  to  17,5  OHz). 


3.1.2.  -  f  -  17  OHz  ;  Hi  -  50  oe  ;  b  variable  (0,33  <  ^  <  O.fie') 


We  notice  the  following  for  the  two  fundamental  rotative  modes  : 

-  There  is  a  regular  increase  of  the  absorption  losses  versus  the  filling 
factor  —  (Fig.  4 ) .  The  attenuation  constant  a  for  the  P.I.P.  structure  goes  from 
0,14  db?cm  when  b  ■  1  mm,  to  0,54  db/cm  when  b  ■  2  mm. 


-  There  is  a  regular  increase  of  the  relative  phase  shift  versus  b/a,  the 
increase  being  more  important  for  the  negative  mode  (Fig.  5). 


A  6 


max 


The  differential  phase  shift  has  a  very  flat  maximum  for  b 
■  111  deg/cm. 

-  The  figure  of  merit  for  the  P.I.P.  structure,  defined  by 
^  ®max  A  0 


m  *  - 

a  max 


a  Hi 


50  oe . 


“  1,7  mm  and 
(Fig.  6)  : 


increases  when  b  is  varying  from  1  mm  to  1,7  mm,  and  then  decreases. 

We  have  m  »  34,2  rd/Np. 

max  *  * 


The  electromagnetic  field  patterns  and  polarization  state  are  given  in  a 
D.R.M.E.  final  report  (DUPUTZ  A.M.,  PRIOU  A.  1972).  The  knowledge  of  the  field 
components  allows  us  to  determine  the  radial  distribution  of  the  power  flow  per  unit 
area  through  the  section  z  ■  0  (Fig.  7)  and  of  the  absorbed  power  in  the  materials 
per  unit  length  (Fig.  8). 

We  therefore  see  that  when  the  applied  magnetic  field  increases,  the  power 
flow  concentration  in  the  ferrite  increases  for  the  negative  rotative  mode,  and 
decreases  for  the  positive  one.  This  is  in  complete  agreement  with  the  behavior 
of  the  propagation  constants  : 

a+  <a1  <a~,  6+  <8*  <R~  where  r1  ■  aX  +  j  p1 

is  the  propagation  constant  for  H^  ■  C. 

The  measurements  were  made  by  the  L.T.T.  Firm  with  a  transmission  P.I.P. 
element  involving  two  ferrite  rods  of  length  i  "  3,8  cm. 


For  the  theoretical  device,  we  calculated  a  phase  shift  of  360°  and  insertion 
loss  of  about  1 , 02db .  While  the  L.T.T.  Firm  found  for  the  experimental  device  360° 
of  phase  shift  and  0,8  to  0,9  db  of  insertion  loss.  The  slight  difference  between^ 
tnese  results  occurs  probably  from  the  rough  approximation  we  have  made  for  y" ,  yz 
and  K". 


3.2.  Fully  filled  waveguide  (with  L.T.T.  6108  ferrite,  radius  a  ■  3  ^m) 

The  figures  9  and  10  show  the  variation  of  attenuation  constants  o+  and  a* 
and  relative  phase  shifts  A  B+  and  A  8”  versus  Hj  field  for  the  two  fundamental 
rotative  modes.  The  differential  phase  shift  is  smaller  than  in  the  previous  structure 
and  the  maximum  phase  shift  is  reached  for  a  weak  field  (F  ■  IT  OHz,  Hi  ■  12,50  oe, 

A  6max  ■  46,8  deg/cm,  m  ■  9,59  rd/Np). 

However,  this  structure  offers  a  very  good  figure  of  merit,  especially  for  the 
negative  rotative  mode.  At  17  0Hz  we  obtain  :  m+  *  -  8 1 , 7  and  m”  ■  298,4.  Then,  it  is 
the  most  convenient  structure  for  making  a  circularly  polarized  phaser  such  a  Dual 
Mode  Phazer. 

The  manufacturer  will  have  to  make  a  choice  : 

-  He  realises  a  good  power  handling  capability  device  by  using  the  positive 
rotative  mode  though  less  efficient  in  phase  shift. 


-  Or,  he  utilizes  the  negative  rotative  mode  for  a  lower  average  power 
handling  device  (Fig.  12). 
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Finally,  in  Fig. 11,  we  give  the  radial  distribution  of  the  incident  power 

flow . 


4.  OPTIMIZATION  IN  X  BAND 

4.1.  Purposes  of  the  optimization 

The  purpose  of  our  study  in  that  band  is  to  determine  the  best  dielectric 
ferrite  couple  for  the  inhomogeneously  loaded  waveguide  and  the  best  geometrical 
definition  such  that  the  considered  phasers  fulfil  at  the  following  criteria  : 

-  monomode  propagation,  fundamental  mode 

-  maximum  figure  of  merit 

-  low  dispersion  of  the  phase  characteristics  around  the  central  frequency 
f  =  9,5  GHz. 

The  exact  frequency  range  .extends  from  9-3  to  9-7  GHz.  The  properties  of  a 
first  selection  of  dielectrics  and  ferrite  are  given  in  table  I. 

In  order  to  analyze  the  influence  of  various  geometrical  and  physical  parameters 
on  the  behavior  of  the  phasers  we  consider  : 

1)  a  waveguide  of  variable  radius  "a"  fully  filled  by  each  ferrite 

2)  a  waveguide  of  fixed  radius  loaded  by  various  ferrite  dielectric  combina¬ 
tions  ;  the  variable  is  then  the  radius  "b"  ie  the  filling  factor  b/a. 


4.2.  Optimization  results 

By  using  the  same  computer  programme  as  in  part  3  we  obtain  the  following  main 
res  ult  s  . 

We  observe  that  the  initial  attenuation  (Hi  “  0)  of  a  circularly  polarized 
wave  in.  a  ferrite  loaded  waveguide  increases  quasi  linearly  with  the  magnetic  loss 
tangent  p'.'/u!  of  the  ferrite  (Fig.  13)  The  L.T.T.  630  1-2  ferrite  is  the  least  lossy 
and  as  a  Jesuit  of  its  high  saturation  magnetization  value  (Ma  »  0,24'f)  we  can 
conclude  that  it  will  be  the  best  ferrite  for  making  a  phase  shifter.  On  the  other 
hand,  the  6ioi  ferrite  characterized  by  high  magnetic  loss  max  be  excluded  : 

-  we  notice  in  addition  that  if  the  radius  "a"  increases  the  attenuation 
decreases.  However  when  approaching  the  cut-off  region,  the  propagation  of  a  second 
mode  sets  in.  We  have  then  to  choose  a  value  of  the  normalized  radius  a./\0  “  af/c 
giving  only  the  propagation  of  the  fundamental  mode  and  we  limit  the  study  to  this 
mode . 


-  figure  14  shows  the  effects  of  both  the  radius  "a"  and  the  frequency  on  the 

maximum  phase  3hift  AS  “6  -  Si  in  case  of  a  L.T.T.  6301-2  ferrite  loaded 

max  max 

waveguide  for  three  types  of  operation  ( ant icount er clockwi se  and  counterclockwise 
circular  polarizations  and  polarization  insensitive  working). 

The  dotted  line  drawn  indicates  that  the  maximum  value  of  A  8  corresponds 

to  a  H^  value  lower  than  50  oe.  Beyond  the  value  a  ■  8  mm  two  modes  can  propagates. 

Figure  15  to  17  represent  the  figure  of  merit  ra  <■  A  8  /a  versus  a/A0  for  a 

max  max 

ferrite  fully  filled  waveguide.  We  deduce  the  optimum  radius  for  each  type  of 
operation . 

The  analysis  of  a  dielectric  plus  L.T.T.  6301-2  ferrite  loadrd  waveguide 
yields  to  the  following  conclusions  : 

-  when  the  radius  "a"  is  greater  than  6  mm,  many  higher  order  nodes  can 
propagate  even  if  we  use  a  low  permittivity  dielectric  such  Si02. 

-  for  a  radius  a  ■  6  mm,  the  dielectric  must  have  a  permittivity  lover  than 
that  of  the  ferrite  to  obtain  a  single  mode. 
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Figures  18  to  20  allow  us  to  determine  the  optimum  filling  factor  for  each 
dielectric  materials.  In  tables  II  and  III  we  present  the  optimal  characteristics 
of  the  reapocal  phasers  working  at  9.5  0Hz  and  using  a  maximum  internal  DC  magnetic 
field  of  50  oe. 


5.  CONCLUSION 

We  have  proposed  examples  of  a  general  method  for  the  theoretical  ferrite 
phasers  optimization  which  permits  from  a  first  selection  of  dielectrics  and  ferrites 
to  determine  the  best  choice  of  materials  and  the  well  suited  geometry  of  the  device. 
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Rgia,  Orcutarty-  polarized  phaser  using  the 
fundamental  positive  rotative  mode  in  a  fer¬ 
rite  fully  filled  waveguide  section. 
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A  CROSSED- SLOT  BELT  ARRAY  ANTENNA  FOR  SATELLITE  APPLICATION 


R.  BreitHaupt,  B.  Clarke,  D.  Waung* 
Department  of  Communications 
Communication*  Raaaarch  Centre 
P.0.  Box  490,  Station  A 
Ottawa,  Canada  KIN  8T5 


SUMMARY 

A  partially  complete  feasibility  study  of  the  design  end  fabrication  of  a  fixed  beam,  circular- 
polarised  belt  array  for  poeaible  use  as  a  telemetry/command  antenna  (2  GHs)  on  a  geostationary 
communications  satellite,  Is  described.  This  application  requires  a  toroid-shaped  coverage  pattern 
for  use  when  the  satellite  Is  not  oriented  on  station. 

The  belt  array  of  circular-polarized  elements  used  Is  fed  using  travelling-wave  excitation  by  a 
thin  plated  dielectric  waveguide  of  .060  in.  x  2.350  In.  crose-sectlon.  After  some  measurements  on  round 
hole  radiating  elements,  crossed  slot*  with  external  dielectric  loading  were  finally  chosen.  These  elements 
were  matched  and  characterized  In  terms  of  scattering  parameters  in  an  active  array  environment. 

Measured  performance  of  this  array  was  less  than  expected  due  to  significant  effects  of  tolerance 
and  placement  of  the  external  dielectric  loading  on  Individual  elements.  Subject  to  these  element  design 
limitations,  a  lightweight  travelling-wave  fed  structure  appears  to  offer  a  reasonable  alternative  to 
the  usual  parallel  fed  belt  array,  for  this  application. 


1.  INTRODUCTION 

All  synchronous  geostationary  communication  satellites  require  a  nearly  omnidirectional  telemetry 
and  command  (T&C)  antenna  for  initial  acquisition  purposes  during  transfer  orbit,  or  for  occasions  when  the 
usual  cn-etatlon  spacecraft  orientation  Is  sufficiently  perturbed.  The  normal  requirement  la  for  circular 
polarization,  so  that  a  polarization  rotation  capability  Is  not  Imposed  on  the  ground  station.  Therefore 
In  choosing  a  T&C  antenna  for  such  an  application,  a  basic  choice  exists  between  a  single  antenna  system 
which  has  a  cardloid-shaped  pattern,  and  a  two  antenna  system  which  hae  a  moderate  gain  antenna  for  on- 
statlon  operation  plus  a  lower  gain  antenna  with  toroid-shaped  coverage.  An  example  of  a  spacecraft  with 
this  coverage  requirement  la  the  Joint  Canadlan-U.S.  Communications  Technology  Satellite  (CTS),  to  be 
launched  In  late  1975,  Nulls  In  this  case  are  in  the  direction  of  the  spacecreft  front  deck  and  apogee 
motor . 


The  purpoee  of  this  work  Is  to  examine  the  feeslblllty  of  a  particular  type  of  antenna  which  can 
provide  the  toroid-shaped  coverage  In  a  two-antenna  system  for  spacecraft  T&C  at  frequencies  2.1  and 
2.3  GHz.  A  spacecraft  configuration  similar  to  that  of  CTS  will  be  assumed  throughout  this  paper  and  this 
Is  shown  In  Fig.  1.  Such  an  antenna  is  usually  thought  of  as  a  circular  belt  array  of  elements  around  the 
spacecraft  body.  For  a  CTS  type  of  application,  however,  the  spacecreft  body  is  not  circular-cylindrical, 
which  Introduces  element  phasing  difficulty  In  producing  e  uniform  far-fleld  pattern  in  the  plane  of  the 
belt.  As  a  consequence,  a  logical  location  tor  this  antenna  would  be  around  the  lower  end  of  the  apogee 
motor  skirt  In  the  form  of  a  circular  belt  of  diameter  about  44  in. 

A  basic  choice  between  e  parallel  and  a  travelling-wave  feed,  or  soma  combination  thereof,  must  bs 
made  for  the  elements  of  this  fixed-beam  belt  array.  The  parallel  feed  Is  usually  chosen,  as  the  bandwidth 
limitation  then  Is  simply  chat  of  the  radiating  elements.  Cavity-backed  spiral*  or  crossed  dipole*  have 
been  uaed  as  radiating  elements,  although  mlcrostrlp  elements  now  appear  to  offer  the  best  compromise 
between  electrical  performance,  light  weight,  and  structural  Integrity1*. 

Tne  present  study  Is  being  made  to  explore  the  advantages  end  limitation*  of  a  combined  series- 
parallel  feed  uelng  a  plated  solld-dlelectrlc  waveguide  travelling-wave  feed  of  reduced  height  and  cross- 
section  .060  in.  x  2.35  in.  This  would  be  light  weight  and  have  good  structural  Integrity,  as  for  the 
mlcrostrlp  case.  Apertures  placsd  in  ths  appropriate  location  in  the  broad  wall  of  the  waveguide  ere 
uaed  to  provide  the  desired  circular  polarization.  Two  type*  of  aperture  were  considered,  ths  round  hole 
which  was  found  to  radiate  insufficient  power,  and  the  crossed  slot  with  external  dielectric  loading, 
which  la  the  configuration  adopted  in  this  application. 

Following  section*  of  this  paper  deal  with  the  array  element,  array  analysis,  array  design  and 
measured  results,  respectively. 

2.  ARRAY  ELEMENTS 

2,1  Flwsent  Characterization 


It  is  well  known  that  an  aperture,  such  as  e  round  hole  or  crossed  elct  placed  appropriately  in  the 
broad  wall  of  e  rectanzular  (dominant  mode)  waveguide  will  radia-t  circular  polarization,  end  have 
directional  properties^' * ' 1 . 

The  scattering  matrix  of  such  a  radiator  will  normally  contain  one  port  for  each  propagating  mod* 
on  either  aid*  of  the  waveguide  feed,  a*  well  as  on*  port  for  each  expansion  mods  of  the  radiated  field. 

In  this  case  a  simplifying  assumption  is  made  that  the  modal  expansion  of  the  radiation  field  consists  of 
two  orthogonal  circular-polarized  modes  only.  This  simplification  contain*  the  implicit  assumption  that 
all  element*  see  a  similar  environment,  which  Implies  e  constant  mutual  coupling  between  element*. 


*  summer  assistant 


15-2 


If  Che  remaining  four  porta  ere  numbered  as  In  Fig.  2  Chen  Che  scattering  matrix  S  has  the  form 
shown  in  this  Figure,  which  is  appropriate  for  a  directional  coupler.  The  unknown  complex  coefficients  A 
and  B  must  then  be  determined  for  the  element  used.  Conservation  of  energy,  and  the  assumption  of  a  loss¬ 
less  element  require  that  | A | 2  +  1 B | 2  «  1.  In  order  to  measure  A,  define  a  reference  plane  for  port  1  and 
2  across  the  waveguide,  centered  on  the  element  aperture.  The  reference  plane  chosen  for  radiated  energy 
is  not  Important  except  that  it  must  be  kept  constant.  Note  that  if  LHC  polarization  for  instance,  is 
desired  in  the  transmit  case,  then  any  energy  incident  on  port  2  (l.e.  a^)  will  contaminate  the  desired 

polarization  and  make  it  elliptical.  Therefore  all  element  matching  must  be  done  on  the  feed  side  of  each 
element  unless  polarization  modification  is  desired.  The  port  Impedances  are  assumed  normalized  so  that 
the  net  real  power  through  a  port  is  (|*nlJ  -  |bQ|2)/2. 

This  arrcy  was  designed  using  experimentally  derived  data  for  the  radiating  elements,  as  no 
at.alytlcal  results  appeared  available,  and  because  preliminary  data  could  be  more  economically  obtained 
experimentally.  Three  different  measurements  can  be  made  to  determine  the  four  unknowns  in  A  and  B  as  e 
function  of  element  parameters  and  frequency;  these  are  transmission  measurement,  and  near/far  field 
measurements.  Most  of  these  were  done  in  an  active  environment  using  an  array  of  six  Identical  matched 
elements  spaced  a  guide  wavelength  apart.  If  the  transmission  coefficient  | A |  is  sufficiently  small 
(-20  log  | A |  is  >.l  dB  say),  then  | A|  may  be  measured  using  near-field  scan  data  or  by  a  transmission  loss 
measurement.  Arg  (A)  is  obtained  from  near-field  scan  data  for  all  cases.  |b|  can  be  obtained  as 

|  B |  ■  (1  -  | A | 2 )*a  or  from  far  field  pattern  and  gain  measurement  of  the  six  element  array.  Arg  (B)  can 
be  measured  by  a  phase  comparison  of  different  single  elements.  It  is  also  possible  to  measure  a 
combination  of  arg  (A)  +  arg  (B)  from  the  phase  slope  of  an  array  of  elements  of  continuously  varying  size. 

2 . 2  Belt  Waveguide 

Since  the  radiating  elements  to  be  described  are  an  intimate  part  of  the  waveguide  feed  Itself,  a 
very  brief  description  of  the  waveguide  used  will  be  given  here.  Double-clad  teflon/glass  board 
(3M  Co.  K-6098-22)  was  used.  This  material  was  milled  to  36.6  in.  x  2.35  in.  size,  and  the  edges  were 
electroless  plated  and  electroplated  to  give  approximately  .001  in.  copper  on  the  side  walls.  This  was 
operated  in  the  dominant  rectangular  waveguide  mode.  A  mean  relative  dielectric  constant,  as  derived  from 
guide  wavelength  at  2.20  GHz,  was  found  to  be  2,52.  Waveguide  loss  was  measured  both  by  reflection  and 
transmission  methods,  end  found  to  be  1.6?  dB/m.  at  2.2  GHz,  as  compared  to  a  theoretical  value  based  on 
a  3M  published  tan  6  -  .0018,  of  1.17  dB/m. 

A  two-step  coaxial  Impedance  transformer  was  Incorporated  in  a  3  mm  coax-wg  transition,  which 
had  a  VSWR  of  <1.4  from  2.1  -  2.3  GHz  the  guide  having  a  characteristic  impedance  of  about  20  ohms, 
depending  on  the  definition  used.  No  attempt  was  made  to  optimize  this  transition  in  terms  of  weight, 
and  it  is  shown  in  Fig.  3.  A  very  simple  resonant  type  of  low  power  waveguide  load  was  used  in  the  final 
belt  fabrication.  This  is  also  shown  in  Fig.  3  and  consists  of  a  narrow  transverse  slot  in  the  waveguide 
partially  filled  with  resistive  sheet  material.  A  non-protruding  load  la  required  for  final  belt  assembly. 

2.3  Round  Hole  Element 

A  round  hole  was  initially  thought  to  be  a  good  candidate  as  a  radiating  element  because  of  ease 
of  fabrication.  In  tha  absence  of  published  results  for  this  elemsnt,  it  was  characterized  experimentally. 
This  revealed  that  the  maximum  power  rsdlated  by  a  hole  of  maximum  diameter  (d  -  1.19  in.)  in  the  waveguide 
chosen,  is  3Z,  which  is  too  small  for  the  moderately  short  array  in  question.  The  measured  coupling 
characteristic  is  given  in  Fig.  4.  The  holes  were  placed  in  tha  waveguide  at  a  transverse  distance 
from  one  side  of 

x  -  S.  tan-1  (Xg/2a) 

■  .601  in. 

where  Xg  is  the  guide  wavelength  at  2.20  GHz  and  a  is  the  width  of  the  waveguide. 


This  is  the  approximate  location  for  circular  polarization1  The  largest  hols  (dlam.  •  1.19  in.) 

had  a  VSWR  of  2.5  and  thus  required  matching.  Far-field  elllptlcity  (on  axis)  for  small  round  holes 
was  <1  dB  over  5Z  bandwidth  when  a  6X  x  6X  ground  plans  was  used,  but  deteriorated  to  2  -  3  dB  for  large 
holes.  Elllptlcity  was  a  strong  function  of  tha  ground  plena  near  the  round  hole.  Ulth  no  additional 
ground  plane,  elllptlcity  on  axis  was  -7  dB  dus  to  strong  asymmetric  diffraction  sffscts  of  the  waveguide 
edges.  Typical  E,H  plans  radiation  patterns  of  ths  round  hols  on  a  6X  x  6X  ground  plane  ere  given  in 
Fig.  5.  A  conical  or  pyramidal  horn  structure  placed  on  the  round  hole  alsment  provided  more  directivity 
end  better  off-axis  elllptlcity. 

It  was  evident  that  with  a  round  hola  in  a  drastically  reduced-height  waveguide  ths  fields  are 
restricted  to  the  hole  periphery  with  very  little  radiation  as  a  consequence.  In  fact,  the  dielectric 
could  be  removed  from  a  1.19  in.  diameter  hole  with  no  appreciable  change  in  reflection  or  radiation. 

2.4  Loaded  Crossed  Slot  Elements 

In  conventional  full  height  waveguide,  one  pair  of  crossed  slots  can  couple  more  than  80Z  of 
waveguide  energy  into  radiation.  However,  because  of  the  reduced-height  waveguide  used  hers  (characteristic 
impedance  -20  ohms),  only  slightly  more  energy  was  coupled  out  of  a  long  crossed  slot  than  from  a  round 
hola.  Howevei,  by  using  external  dielectric  loading,  at  least  60Z  coupling  into  radiation  may  be  achieved. 
The  loading  used  consisted  of  Stycast  (Emerson-Cuming)  blocks  1  in.  x  1  in.  x  .260  in.,  of  ■  16.  The 

measured  coupling  characteristic  is  given  in  Fig.  6.  These  elements,  although  nominally  reflectionless 
had  a  mismatch  increasing  with  slot  dimension,  to  a  maximum  VSWR  of  2.7,  for  a  slot  length  of  1.250  in, 
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and  aa  a  consequence  alota  often  required  matching.  A  algnlf leant  problem  vaa  experienced  due  to  the 
large  change  of  arg  (A)  with  alot  length.  Thla  la  shown  in  Fig.  7,  and  required  element  spacing  to  be 
varied  In  order  to  maintain  a  constant  phase  slope  of  radiated  field  around  the  circular  aperture. 

Loaded  crossed-elot  redlatlon  patterns  were  very  similar  to  those  for  the  round  hole.  On-axle  elllptlclty 
la  2  -  3  dB  and  can  be  reduced  by  using  matching  In  front  of  the  element  as  suggested  by  SlmmonaC1).  A 
good  measurement  of  arg  (B)  alone  was  not  made.  However  the  phase  slope  of  a  number  of  matched  loaded 
elements  of  smoothly  varying  alot  length,  spaced  X  ,  was  made  and  the  variation  of  the  resulting  phase 

•  th 

slope  was  measured.  Thla  slope  Is  affected  by  both  arg  (A)  and  arg  (B),  and  the  phase  change  between  n 

and  n  +  1th  element  radiation  Is  essentially  arg  (A  )  +  ars  (B )  -  arg  (B  '.  Thla  was  used  to 

r  ntx  n 

modify  element  spacing  In  order  to  produce  a  constant  progressive  phase  change  around  the  belt  array.  These 
elements  are  shown  In  Fig.  7. 

3.  ARRAY  ANALYSIS 

3.1  Analysis 

It  Is  trivial  to  write  formulas  for  an  array  analysis  which  will  produce  equal  power  from  each  array 
element,  In  an  N  element  array  If  no  coupling  or  reflection  Is  assumed.  Assume  that  the  scattering 
representation  of  Fig.  2  applies  with  An,  Bn  associated  with  the  n*h  element,  and  that  for  constant  element 

spacing  d,  the  choice  of  Is  arbitrary.  In  order  for  the  radiated  field  amplitudes  to  be  equal  (In 
the  absence  of  coupling) 


|Bn|  -  |Bl|/e-(n-1)ad  n"1  |Aj> 
n*l 

where  a  Is  the  waveguide  attenuation  coefficient,  and 

!«„l  -  a  - 

In  order  to  calculate  the  phase  of  the  radiated  field  of  the  nth  element,  It  Is  necessary  to  define  a  spacing 
dn  which  follows  each  element.  By  starting  at  the  feed  end,  rsdlated  fields  associated  with  each  element 

(i.e.  b^n  In  Fig.  2  representation)  may  be  calculated.  Power  lost  In  transmission  lass  and  that  to 

the  load  will  be 

PL-  lb2Kl2/2 

*TX  “  £  IV’  «  - 

In  the  plane  of  the  belt  may  be  found  easily  by  sunning  contributions  from 
N  elements  spaced  equally  an  angle  6^  apart  on  a  circular  array  of  radius  R, 

propagate  across  the  belt,  the  far  field  E(8)  Is  simply 

-  I  f($)  b4  s-l60R<1  ■  coi 
n-1  n 

sum  for  tt/2  >$>  3tt/2  only 
Is  th*  frse  space  propagation  constant,  and 
■  (n-l)8#-0, 

radiation  pattarn,  and  8  Is  the  far-fleld  observation  angle,  0  ■  0  at  n  ■  1. 


The  far-fleld  pattarn 
all  elements.  Fo  •  the  csss  of 

where  energy  Is  assumed  not  to 

E(6) 

where  8o 

f($)  Is  ths  clement 


For  the  present  case  f($)  -  cos  4>  for  n/2  >$>  3ir/2.  Thla  formula  feu  E(fc)  requires  some  modification  when 
unequal  spacing  Is  used. 

In  choosing  a  combined  series-parallel  feed  arrangement,  one  must  ! lnd  a  solution  which  has 
adsquate  bandwidth  and  acceptable  far-fleld  ripple  in  ths  plsne  of  the  belt.  A  aeries  feed  on  a  belt 
array  has  the  additional  coustralnt  of  requiring  no  diecontlnu tty  In  phaae  elope  between  the  flrat  and 

Nt*'  elements,  This  imposes  en  Interdependence  between  number  ot  element  e  N,  element  spacing  dQ, 

radius  R,  end  frequency  f.  Moat  parallel-fed  belt  arrays  excite  ell  elements  on  .he  belt  In  the  earns 
phase.  This  le  possible  on  a  belt  array  but  a  linear  phess  progression  around  taa  bait  extends  tha 
possibility  of  reducing  element  spacing  and  thus  far  Meld  ripple  also.  In  addition,  since  e  number  of 
frequencies  exist  which  provide  a  continuous  phase  slope  around  the  bel  <■  array,  dual  frequency  operation 
may  be  possible  (l.e.  In  this  case  2.1  end  2.3  GHz  le  desirable). 

In  order  to  choose  a  feed  arrangement,  e  program  wee  written  which  examinee  either  e  one  point, 
two  point,  or  four  point  eerlea-fed  belt.  In  the  cast-  of  the  four -point  faad  for  example,  aach  of  four 
Identical  aerlee-fed  balta  cover a  ona  quarter  of  the  ri  umference  and  theee  must  be  fed  in  parallel 
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with  0,  n/2,  it,  3ff/2,  2ir  relative  pheeee.  The  operation  of  this  program  and  some  calculated  results 
are  presented  in  tho  following  section. 

3 . 2  Calculations 

A  program  was  written  so  that  one,  two  and  four  point  series  feeds  could  be  examined  from  a 
ripple  and  bandwidth  point  of  view.  The  operation  of  this  program  is  as  follows: 

a)  Choose  number  of  series  feed  points  (e.g.  4). 

b)  Choose  a  nominal  spacing  (e.g.  .8Xg)  and  nominal  radius  (e.g.  23  in.). 

c)  At  a  design  frequency  of  2.20  GHz,  the  program  will  then  choose  a  number  of  elements 
divisible  by  four,  a  constant  element  spacing,  and  a  radius  consistent  with  progressive 
phasing  around  the  belt,  assuming  arg  (A)  ■  arg  (B)  -  0.  These  will  be  close  to  the 
nominal  values  requested. 

d)  Choose  a  value  for  B^. 

e)  The  program  calculates  fractional  power  lost  in  the  transmission  line  and  load  and 
prints  out  element  phases  and  amplitudes  (b4n>  at  2.20  GHz. 

f)  Choose  a  frequency  for  far-fleld  calculation  of  ripple  in  the  plane  of  the  belt. 

g)  The  program  prints  new  element  amplitude  and  phase,  the  worst  ripple  in  each  of  the 
four  quadrants  around  the  belt,  and  prints  pattern  if  desired.  Return  to  f)  if  desired. 

Results  from  this  program  are  plotted  in  Fig.  8  for  one,  two  and  four  point  feed  designs.  In  a  CTS  type 
application,  bandwidth  of  tlO  MHz  is  required  at  both  the  telemetry  and  command  frequencies,  so  it  la 
evident  from  Fig.  8  that  a  single  point  feed  is  not  appropriate.  A  four  point  feed  should  suffice,  provided 

random  variations  in  elements  are  not  large  and  that  excess  transmission  line  phase  shift  due  to 

temperature  variation  is  small. 

An  interactive,  Iterative  array  design  program  was  also  written  for  a  four  point  feed,  which  does 
not  assume  constant  spacing,  or  arg  (A)  ■  arg  (B)  »  0.  This  program  operates  as  follows: 

a)  Choose  a  nominal  spacing  and  nominal  radius  as  before. 

b)  The  program  computes  the  number  of  elements  N,  an  interim  radius  R,  a  temporary  constant 

spacing  based  on  arg  (A)  “  arg  (B)  ■  0  (temporarily  assumed),  at  a  design  frequency  2.20  GHz. 

c)  Choose  a  value  for  B1< 

d)  Power  to  the  load,  and  power  lost  in  the  transmission  line  is  calculated.  If  power  to  the  load 
is  unacceptable,  go  back  to  c). 

e)  |Am|,  |Bn|  for  n  «  1  (1)  N/4  are  printed  out  and  the  operator  is  asked  for  the  corresponding 
arg  (An),  arg  (Bn)  as  found  experimentally. 

f)  A  (new)  spacing  dfl  is  computed  so  that  the  radiated  field  maintains  a  constant  progressive 
phase  shift  per  element,  and  a  new  set  of  |a^|,  |b^|  required  Is  calculated  and  printed. 

g)  The  operator  is  asked  for  a  new  set  of  arg  (A^) ,  arg  (B^)  corresponding  tc  ;a;|,  |b;|,  if 

the  new  set  of  angles  is  not  sufficiently  close  to  the  previous  sat,  go  to  f), 

h)  A  final  rsdlus  is  calculated  on  the  basis  of  the  final  d  sot,  and  the  element  epsclngs  are 

printed. 

1)  Far  field  in  the  plane  of  the  array  is  calculated  at  any  desired  frequency  and  worst  ripple 

in  each  quadrant  is  printed.  The  pattern  is  plotted  if  desired,  and  1)  can  be  repeated  as 

dcelred . 

4.  ASSAY  DESIGN  AND  FABRICATION 
4.1  Design 

A  preliminary  four-point  feed  design  has  been  fabricated  and  partially  tested.  The  table  of 
design  data  for  each  of  the  four  nine-element  arrays  is  given  as  follows; 
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N  -  36  A  -  4.862  in.  at  2.20  GHz 

8 

?L  17. IX  nominal  spacing  ■  .75  A^  »  3.646  in. 

PTX  -  17. 3X 


I  b  1 

Slot  Length 

Spacing 

Element  No. 

JV_ 

(in. 

(in.) 

1 

.270 

.981 

3.833 

2 

.286 

.995 

3.803 

3 

.304 

1.010 

3.769 

4 

.325 

1.025 

3.728 

5 

.351 

1.043 

3.676 

6 

.382 

1.066 

3.609 

7 

.421 

1.090 

3.515 

8 

.473 

1.121 

3.370 

9 

.547 

1.158 

3.601 

The  belt  was  fabricated  using  an  input  coaxial  connector  and  load  as  shown  in  Fig.  3,  on 
a  36.6  in.  long  waveguide.  Each  element  was  individually  matched  to  --20  dB  return  loss  by  means  ot 
shorting  posts  on  the  feed  side  of  the  waveguide.  The  load  end  of  each  waveguide  is  clamped  under  the 
input  transition  of  the  following  waveguide  array,  when  mounted  on  a  3  ft.  wide  circular  cylinder 
for  test  as  a  belt.  Dielectric  loading  elements  were  cut  with  a  diamond  saw,  from  1  in.  x  1  in.  Stycast 
rod  material,  and  bent  to  the  approximate  belt  curvature  by  heating.  This  particular  dielectric  material 
would  be  unsuitable  for  space  application.  All  teats  were  made  with  a  nylon  string  holding  the  dielectric 
blocks  down,  but  conductive  epoxy  would  be  used  for  permanent  placement. 

4 . 2  Measurement 

Results  from  s  near-field  measurement  of  the  glne-elsment  preliminary  design  are  shown  in 
Fig.  9.  This  shows  a  linear  phase  progression  of  52.5  per  element  and  a  12  dB  amplitude  taper. 
Unfortunately,  placement  of  the  dielectric  blocks  on  this  array  is  critical,  and  the  amplitude 
distribution  can  vary  by  a  further  ±2  dB,  with  corresponding  changes  in  the  phase  slope.  These  near- 
field  measurements  were  made  using  a  manual  HP  network  analyzer  in  a  small  anecholc  chamber,  with  'the 
nine-element  array  segment  held  flat  on  a  3  ft.  x  3  ft.  ground  plane.  The  probe  used  was  a  balanced  loop 
of  -.75  in.  diameter,  held  -.3  in.  above  the  dielectric  loading  blocks.  A  transmission/reflection  test 
indicated  that  22X  power  went  to  the  load,  as  compared  with  the  design  value  of  17X.  All  measurements 
were  made  with  belt  array  segments  taped  to  the  aluminum  ground  plane,  using  aluminum  tape  purported  to 
have  a  conductive  adhesive. 

Near-field  measurements  were  also  made  on  the  assembled  belt  array,  as  shown  in  Fig.  10,  except 
that  the  edges  of  the  belt  were  taped  to  the  ground  plane.  The  four-way  power  eplltter  used  was  a  retrace 
plus  two  hybrids,  which  gave  the  required  0,  tt/2,  ft,  3tt/2  phases  at  a  level  of  6,5  dB  below  the  input. 

The  resulting  amplitude  and  pliase  at  2.20  GHz  are  shown  in  Fig.  11.  The  amplitude  variation  now  is 
increased  to  t4.5  dB  but  phase  is  fairly  linear  around  the  belt  except  for  a  phase  jump  between 
segmente  no.  1  and  4. 

Finally,  a  preliminary  far-fisld  pattern  in  the  plane  of  the  belt  is  shown  in  Fig.  12.  A  gain 
calibration  ie  also  noted  on  this  Figure.  The  maximum  ripple  shown  here  it  not  acceptable,  indicating 
that  batter  phass/amplltude  control  at  each  element  is  required.  All  of  the  above  far-fleld  measurements 
were  made  using  the  CRC  SCO  ft.  protected  range  facility.  The  transmit  antenna  was  nominally  RHC  polarized, 
with  approximately  3  dB  elllptlclty.  Polarization  elllptlclty  was  measured  by  rotating  a  llnear-polarlzed 
transmit  antenna,  and  was  found  to  deterloratu  to  10  dB  at  occasional  points  in  the  plane  of  the  belt. 
Elllptlclty  of  individual  element  radiators  will  be  considerably  Improved  by  partial  matching  on  each 
side  of  the  element  as  suggested  by  Simmons1.  The  amplitude  distribution  around  the  array  was  significantly 
affected  by  the  h»nd-cut  slots  (tolerance  -i.005  in.)  and  by  placement  of  the  high  dielectric  blocks. 

Further  tests  will  bs  made  on  a  version  having  etched  slots  and  more  reliable  element  loading. 

5.  CONCLUSION 

A  combined  parallel-series  fed  errsy  as  described  above  Is  attractive  In  terms  of  lack  of  feed 
complexity  and  structural  Integrity,  although  greater  element  directivity  Is  desirable.  Calculated 
performance  of  this  array  using  a  reduced-height  waveguide  structure  Indicates  suitability  for  narrow 
bandwidth  applications.  The  predicted  performance  has  not  been  achieved  in  this  Initial  prototype 
because  of  shortcomings  In  the  element  design  and  fabrication,  which  will  be  Improved. 
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Fig.  10  Belt  Array  on  Test  Cylinder  (photo) 
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DISCUSSION 


J.K.  HSIAJ:  1.  How  do  you  find  the  lmpedanoe  of  the  crossed  slot? 

2>.  Wow  do  you  looate  your  slot  during  your  design  prooedure. 

ft.  BRSITHAUPT:  1.  The  Impedance  «s  such  is  not  determined.  Rather  the  element  was 
characterized  in  terms  of  scattering  matrix  parameters  A  and  B  of  Pig.  2.  This  Information 
Is  available  analytically  for  the  crossed  Blot  not  externally  loaded,  but  was  found 
experimentally  (no  analytical  results  available)  for  the  round  hole  and  loaded  crossed  slot 
described  here. 

2.  This  Is  approximately  the  point  In  the  broad  wall  where  orthogonal  magnetlo  field 
components  are  of  equal  amplitude,  and  is  discussed  at  length  in  referenoes  1,2,  and  3 
quoted  In  the  paper. 

J.P.  OOBi^RT:  1.  Do  you  think  you  can  improve  the  polarization  decoupling? 

2m What  problems  does  the  undesired  polarization  give  in  meeting  the  operational 
requirement? 

R.  BREITHAUPT;  1.  Yes,  the  radiated  polarization  purity  may  be  improved  in  each  element 
by  partial  element  matching  on  either  side  of  the  radiating  element.  Polarization  purity  is 
related  to  energy  incident  on  both  parts  1  and  2  as  shown  in  Fig.  2  of  the  paper. 

2.  Cross  polarized  radiation  causes  trouble  only  in  so  far  as  energy  1b  lost  from  the 
nominal  polarization.  No  use  la  made  of  cross-polarized  telemetry/command  signals  in  thle 
system. 
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The  limited  RF  spectrum  which  is  available  for  satellite  communication 
systems  has  led  to  increased  interest  in  the  use  of  dual-polarised  and 
orthogonally-polarised  multiple-beam  antennas.  Since  an  accurate  knowledge 
of  the  antenna  eidelobes  and  cross-polrrieed  radiation  is  necessary  to  ensure 
adequate  isolation  between  RF  channels,  this  paper  examines  some  available 
techniques  which  can  be  employed  to  predict  the  vector  fields  of  reflector 
antennas.  While  the  differences  between  the  techniques  are  found  to  be 
comparatively  unimportant  in  practical  satellite  antenna  problems,  the  problem 
of  providing  on  adequate  description  of  the  antenna  primary-feed  radiation  is 
found  to  be  a  critical  factor.  Results  for  predicted  and  measured  cross- 
polarised  radiation  fields  are  presented. 


1.  INTRODUCTION 

The  pressure  on  the  available  electromagnetic  spectrum  for  satellite  conmunication  systems  has  led  to 
considerable  interest  in  the  use  of  dusl-polsrioed  antennas,  and  multiple-beam  antennas  with  orthogonally 
polarised  beams,  as  a  means  of  achieving  frequency  re-uso.  In  the  design  of  such  antennas  attention 
must  be  directed  not  only  upon  the  polarisation  purity  in  the  main  beam,  or  beams,  of  the  antenna,  but 
also  upon  the  possibility  of  generating  cross-polarised  eidelobes  which  may  result  in  interference  between 
widely  separated  beams.  Thus  the  satellite  antenna  has  become  one  of  the  most  critical  components  in 
future  satellite  cotrr.iunication  systems. 

Satellite  antennas  based  upon  the  use  of  parabolic  reflecting  surfaces  have  proved  to  have  many 
attractive  features,  and  are  a  popular  choice  in  providing  narrow  beams  with  acceptable  sidelobo  character¬ 
istics.  The  cross-polarisation  characteristics  of  these  antennas  must  be  accurately  known  if  they  are  to 
be  applied  in  a  dual-polarised  or  multiple-beam  configuration,  but  comparatively  little  material  has  been 
published  in  the  literature  regarding  their  oross-polarised  radiation. 

This  paper  comprises  a  sunmary  of  the  results  of  two  related  researoh  projects  in  progress  at  the 
University  of  Birmingham.  Both  projects  are  basically  concerned  with  prediction  of  the  principal  and 
cross-polarised  field  components  radiated  by  parabolic  reflector  antennas.  Of  the  two  projects,  one 
has  concentrated  on  a  study  of  parabolic  reflector  antenna  depolarisation,  with  a  view  to  clarifying  its 
definition,  causes,  and  raeana  of  minimising  its  effects.  This  study  has  also  been  concerned  with  the 
comparison  and  evaluation  of  a  number  of  techniques  which  can  bo  employed  to  predict  the  antenna  depolar¬ 
isation  without  the  aid  of  large-scale  numerical  integration.  The  second  project,  which  has  been  carried 
out  under  a  contract  with  the  European  Space  Research  Organisation,  has  been  concerned  with  the  extension, 
modification  and  operation  of  a  large-scale  computer  program,  capable  of  predicting  radiation  fields  - 
including  cross-polarised  component*  -  for  a  wide  range  of  reflector  and  primary-feed  configurations. 

This  paper  examines  some  fundamental  techniques  for  the  prediction  of  reflector  radiation  patterns, 
and  presents  rosults  for  calculated  and  measured  cross-polarleation  patterns  of  a  typical  front  fed  para¬ 
boloidal  reflector  antenna.  The  problem  of  obtaining  on  adequate  description  of  the  primary  feed  is 
discussed  in  some  detail  since  this  has  been  found  to  be  a  critical  area  in  tb*  prediction  of  cross- 
polarised  radiation. 

2.  BASIC  TECINIQU1S  FOR  MODELLING 

A  number  of  well  established  technique*  exist  which  provide  predictions  of  the  vector  radiation  fields 
scattered  from  parabolic  reflectors.  Thene  basic  techniques  are  well  described  in  texts,  (Silver,  S,  1040) 
Collin  and  Zucker,  1060;  Busch  and  Potter,  1970),  and  a  variety  of  applications  have  been  reported  in  the 
literature.  The  best  known  of  those  techniques  are  probably  those  based  upon  variations  of  the  'aperture 
field'  and  'current-distribution'  method*.  In  practical  applications  both  methods  make  use  of  the 
physical-optics  approximation,  which  essentially  demands  that  the  reflector  surface  be  large  relative  to 
the  operating  wavelength. 

To  provide  a  unified  approach,  the  aperture-field  and  current-distribution  methods  con  be  considered 
as  two  examples  of  an  application  of  the  field-equivalence  principle.  Applying  this  principle,  any 
radiating  antenna  can  be  replaced  by  a  set  of  equivalent  souroes,  located  on  an  arbitrary  surface,  which 
encloses  all  of  the  sources  of  radiation.  The  equivalent  sources  on  the  surface  are  defined  such  that 
the  electromagnetic  flolds  anywhere  outside  the  surface  are  identical  to  thoso  excited  by  the  radiating 
antenna.  The  equivalent  sources  may  take  the  form  of  either  an  electric  or  magnetic  current  distribution, 
or  some  combination  cf  both,  over  the  defined  surface.  These  current  sources  are  related  in  a  direct 
fashion  to  the  tangontlal  electric  and  magnetic  field*  which  exist  at  the  same  surface  with  the  antenna 
radiating  (Collin  and  Zucker,  1000).  Since  a  knowledge  of  either  the  tangential  electric  or  magnetic 
fields  (or  their  associated  currents)  over  a  closed  surface  is  sufficient  to  determine  the  fields  scattered 
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by  the  reflector  antenna,  then  with  reference  to  Figure  1  we  can  poatulote  the  following  aathenetloally 
equivalent  modelai 

a)  The  eleotric  current  dlatrlbutlon  on  eurfoce  2  (eleotrlc-current  method) 

b)  The  tangential  eleetrio-fielda  over  aurface  1  (aperture-field  method) 

c)  The  olectric  and  magnetic  fields  over  aurface  1 

d)  The  electric  and  magnetic  fields  over  surface  2 

Applying  the  phycical-optica  approximation  to  each  of  these  modele,  we  assume  that  on  aurface  areas 
direotly  illuminated  by  the  primary  source,  the  tangential  electric  and  magnetic  fields  and  their 
associated  currents  are  those  that  would  be  present  if  the  fields  wore  reflected  optically.  On  shadowed 
regions  the  fields  and  currents  are  assumed  to  be  sero.  To  satisfy  Maxwell's  equations  at  the  boundary 
between  the  illuminated  and  non-illuminated  regions,  a  line  distribution  of  eleotric  and  magnetic  chargee 
can  be  introduced  along  the  boundary  curve  in  each  of  the  above  cases.  The  net  effect  of  this  boundary 
charge  distribution  is  to  ensure  that  the  predicted  radiation  fields  satisfy  the  radiation  conditions  and 
thus  do  not  include  a  radiated  field  component  in  the  direction  of  propagation  (Silver, S, 1049). 

2.1  Conq>arison  of  techniques 

The  mathematical  expressions  for  the  radiated  field  components  predicted  by  each  of  the  postulated 
modele  have  been  derived.  These  expressions  have  been  programed  and  their  predictions  oonqrared  for  a 
number  of  primary-food  and  reflector  combinations.  The  conclusions  drawn  from  the  study  are  suraaarised 
below. 

All  of  the  techniques  provided  similar  predictions  for  the  principally  polarised  (co-polar)  fields 
over  the  main  lobe  and  the  first  four  or  five  sidelobes.  At  wide  angles  from  the  boresight  only  the 
combined  electromagnetic  techniques  (c  and  d)  were  in  agreement.  The  disagreement  between  the  methods 
at  wide  angles  tends  to  increase  with  increasing  reflector  curvature.  For  the  cross-polar  radiation 
again  only  c  and  d  were  in  agreement.  The  peak  value  of  the  cross-polarised  radiation  normally  occurs 

close  to  the  boresight,  and,  in  general,  the  techniques  differ  with  regard  to  their  respective  predictions 

of  cross-polar  radiation  introduced  by  the  reflector  curvature,  as  distinct  from  the  cross-polar  component 
originating  in  the  primary  feed  radiation. 

In  practice,  the  differences  between  the  predicted  fields  are  less  serious  than  these  results  suggest. 

At  wide  angles,  the  co-polar  component  of  the  radiation  tends  to  be  dominated  by  secondary  effects,  such 
as  aperture  blocking,  edge  diffraction,  and  primary  feed  splllovor.  These  effects  mask  the  differences 
between  the  predicted  fields,  and  discussions  of  relative  accuracies  become  irrelevant.  Similarly,  in 
the  majority  of  cases  the  cross-polar  component  which  is  predicted  due  to  the  reflector  curvature  is  very 

small  and  is  swooped  by  the  component  due  to  the  primary  feed.  For  example,  for  o  reflector  with  F/jy=  0.25, 

fed  by  a  realistic  primary  faed  illianination,  the  peak  cross-polar  level  predicted  as  a  result  of  reflector 
curvature  will  typically  occur  some  50  dO  below  the  peak  of  the  co-polar  field,  and  this  level  will  reduce 
still  further  as  the  F/prntio  Is  increased.  Since  the  primary  feed  illumination  con  result  in  an  antenna 
pattern  with  cross-polar  peaks  only  15  dB  below  the  co-polar  peak,  and  typically  results  in  cross-polar 
lobes  20  to  40  dB  down,  it  appears  reasonable  to  conclude  that  the  contribution  due  to  the  reflector  is  of 
secondary  importance  in  such  cases. 

In  dealing  with  satellite  reflector  antennas  we  are  ohiefly  interested  in  radiation  within  a  com¬ 
paratively  narrow  cone  of  angles  about  the  antenna  boresight,  over  a  dynamic  range  of,  perhaps,  50-00  dB. 

In  this  region,  there  is  little  significant  variation  between  the  predictions  obtained  by  the  various 
methods,  and  the  techniques  which  are  the  most  convenient,  in  a  computational  sense,  con  be  employed.  On 
this  basis,  methods  (b)  and  (c)  are  superior. 

2.2  Co-polar  and  cross-polar  radiation 


A  number  of  definitions  of  cross-polarisation  are  conmonly  employed  in  the  literature.  Three  of 
these  definitions  have  been  considered  by  Ludwig  (Ludwig, A. C.  1073/,  and  the  authors  are  in  agreement 
with  his  conclusion  that  the  most  useful  definition  is  the  one  which  provides  predictions  in  a  form  which 
corresponds  direotly  to  the  field  distributions  obtained  from  standard  measurement  practice  (Silver ,S, 1949). 
The  co-polar  field  is  defined  as  that  which  would  be  measured  on  a  conventional  antenna  range  with  the 
polarisation  of  the  distant  antenna  initially  aligned  with  that  of  the  test  antenna,  on  boresight.  This 
polarisation  is  then  retained  while  the  test  antenna  is  rotated  through  n  set  of  ’field  cuts*  in  the  usual 
way  to  build  up  a  complete  measured  radiation  pattern.  If  the  polarisation  of  either  the  test  antenna 
or  the  source  antenna  is  then  rotated  through  90°,  end  the  radiation  pattern  measurements  repeated,  the 
recorded  measurements  correspond  to  the  cross-polar  field. 


If  the  test  antenna  has  its  principal  polarisation  aligned  with  the  y  axis  then  the  co-polar  (E  ) 
and  cross-polar  (B  )  components  of  the  radiated  field  are  related  to  the  usual  spherical  co-ordinate** 
field  components  "  (Eff  ,E  )  by  the  following 


Ep(0,«) 

Eq(«.4) 


Ej(fl,c)  sin  4  +  E^(0,o)  cot  ? 

(la) 

Eg  ( 0 ,  0 )  cos  4  -  E^(0,o)  sin  4 

(lb) 

3.  A  SIMPLE  RADIATION  MODEL 


If  a  far  field  point  is  defined  in  terms  of  the  spherical  coordinate  system  (  r,  ♦  )  shown  in 
Figure  2,  then  using  method  (b),  the  normalised  co-polar  (Epn)  and  cross-polar  (E^j  field  components  of  a 
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paraboloidal  reflsetor  antonna  can  be  caressed  aa  (Rudge  and  Shirasl,  1873) 

Epn  ”  F^f^of  Cy*' t1  "  tonVz  ooa  2  «*»)  +  Fq  (+,  *)  tanV2  sin  2*]  (2a) 

Sqn  “  F?ftf)of  ('*'•*)  (*  *  cos  2  4>)  +  Fp  (*,  *)  ton2*/2  sin  2<|>]  (2b) 

where  F  and  F  are  the  two-dimensional  Fourier  transforms  of  the  co-polar  and  cross-polar  components  of 
the  tangential  ^electric  field  in  the  reflector  aperture-plane  (c  ,c  ).  The  transform  functions  can  be 
expressed  aa  integrals  in  teres  of  the  primary  angular  co-ordina%es"(d,$)  in  figure  2  asi 


—a  ™  n 

Fj (+,<!>)  =  /  /  e.(9. 0)  exp[-jk  B(0,$)]  p  (d)  sin  6  d»  dp  (3) 

x  00 

# 

where  i  is  either  p  or  q|  6  is  the  maximum  angle  subtended  at  the  focus,  F  is  the  reflector  fo-al  length, 
k  s  2ic/X,  \  is  the  wavelength  and, 


p(d)  =  2F/(l  +  cos  e)  (4) 

R(ff,  p  )  =  2kF  tan  fl/2  sin  *  cos  (  p  ♦  <|>  )  (5) 


When  the  primary-feed  is  located  at  the  geometric  focus  with  its  principal  electric  vector  aligned  with 
the  y  axis,  then  the  functions  ,  e(^  are  given  by: 

ep  a  p  (A^(®,  $)  008  0  ♦  Afl(fl,*)  sin$)  exp  (-jk2F)  (Oa) 


a  ^  (AJ(d,0)  sin  P  -  ^(B.p)  cos  p)  exp  (-jk2F)  (6b) 

where  Afl ,  are  the  normalised  spherical  co-ordinate  components  of  the  primary-feed  radiation. 

If,  for  multiple-beam  purposes,  the  primary-feed  is  offset  a  small  distance  from  the  geometric  focus, 
the  amplitude  of  the  incident  field  at  the  reflector  will  be  little  affected.  However,  the  movement  of 
the  feed  phase  centre  will  be  very  significant  and  can  be  accounted  for  by  a  compensatory  phase  term 
exp  jkHg,  which  will  appear  as  a  multiplying  factor  in  equations  6.  If  ^  aro  small  offset 
distances,  in  the  transverse  and  axial  directions  rsspectively,  and  <P0  (measured  to  the  x  axis)  denotes 
the  plane  of  the  offset,  then: 

Hg  a  ein  0  coe  (p  -  pQ)  +  cos  B  (7) 

Aperture-blocking  effect*  due  to  the  presence  of  the  primary-feed  and  its  supporting  structure  can  be 
accounted  for  in  an  approximate  fashion  by  applying  the  conventional  shadow-diffraction  technique  in  both 
of  the  scalar  Integral  functions  Fp,Fn.  Aperture-blocking  due  to  a  central  obstruction  results  in  very 
significant  changes  in  the  sidelobe  structure  of  the  oo-polar  radiated  field,  but  the  cross-polar  field 
has  been  found  to  be  comparative ly  insensitive  to  this  effect. 

3.1  Computation  of  the  model 

Computation  of  the  model  can  bs  made  simple  for  reflector  antennae  with  primary-feed  illuminations 
where  A#  and  A$  ore  functions  only  of  9.  In  these  cases,  the  outer  integration  of  equation  3  can  be 
can  be  carried  out  analytically  and  the  single  integral  fore  which  remains  can  readily  be  evaluated  by 
a  digital  computer.  Primary-feeds  which  satisfy  this  orltarlon  include  the  electrio  dipole,  the  msgnetio 
dipole,  the  ffijj  mode  circular  waveguide  and  conical  horn  radiators,  and  idealised  feeds  which  generate 
no  oroas-polarisation  such  os  the  Huygen  source.  For  cases  not  satisfying  thie  criterion  it  may  prove 
necesaaiy  to  compute  the  two-dimensional  Integrals,  and  this  process  can  become  costly  in  terms  of  conputer 
time.  A  one-dimensional  Romberg  technique  (Budge  and  Shirazi,  1973)  which  involves  the  use  of  trapezoidal- 
rule  integration,  with  successive  interval-halving  and  a  system  of  extrapolation  to  remove  increasing  orders 
of  error,  has  been  found  vary  suitable  for  thie  application.  The  interval-halving  process  is  repeated 
until  a  pre-set  aocuracy  criterion  is  reached.  Hence  the  number  of  iterations  required  to  compute  the 
integral  is  automatically  minimised  for  the  accuraey  specified. 

4.  current  Dis  rammoN  tectniqubs 

In  principle,  a  general  approach  to  the  problem  of  calculating  the  field  at  a  distance  from  a  con¬ 
ducting  body,  upon  which  an  electromagnetic  wave  is  incident,  may  be  made  by  an  exact  application  of  the 
electric  current  distribution  tectaique,  Once  the  surface  current  is  known  the  prediction  of  the  distant 
fields  is  comparatively  trivial.  However,  an  exact  solution  involve*  the  solution  of  coupled  integral 
equations  and  is  practicable  numerically  only  when  the  body  has  dimensions  of  the  order  of  the  wavelength. 
For  smooth  conducting  bodies  which  arc  very  large  relative  to  the  wavelength  the  physical  optics  approx- 
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ination  J»  eounonly  Invoked.  In  term*  of  an  incident  magnetic  field  (H)  the  approximate  eurfaoe  current 
(K)  is  taken  to  be 


K  .  2an  x  H  (8) 

where  a  is  a  unit  normal  to  the  surface.  In  faot  the  physical  optics  approximation  neglects  an 
oscillatory  component  of  the  reflector  surface  current  which  becomes  negligibly  small  for  large  reflectors. 

Within  the  constraints  imposed  by  the  physical  optics  approximation,  the  fields  scattered  from  an 
arbitrary  reflecting  surface  con  be  determined  providing  the  surface  unit  normal  and  the  incident  vector 
field  con  be  defined  at  all  points  on  the  reflector.  Then,  for  an  inoldent  magnetic  field  H,  the  scattered 
electric  field  Eg  at  a  large  distance  r  is  given  by,  (Silver,  1049), 

®s  =  r  (*■*“+ +  *•“<*>  )  exP(“Jkr)  (®) 

where 

I  a  /  (a  x  1i)  exp  (jk  7.  a  )  dS  (10) 

X  S  “  r 

and  o+,  Q,fj  and  a  denote  imit  vectors  in  tho  4>  and  r  directions  respectively,  while  P  is  a  vector  from 

the  geometric  focus  to  a  point  on  the  reflector  and  is  the  impedance  of  free  space. 

4.1  A  Large  Scale  Computer  Program 

Based  on  an  arbitrary  reflecting  surface  approach  a  computer  program  has  been  written  at  the  Jet 
Propulsion  Laboratory  in  California  (Ludwig  1970)  to  calculate  the  far-field  radiation  patterns  of 
assymetrical  reflectors.  This  program  has  been  extended  at  the  University  of  Birmingham  to  deal  with 
offset  and  distorted  reflectore  and  has  been  used  to  study  cross-polar  radiation  from  a  variety  of 
reflector  antennas.  Although  the  approach  is  general  with  respect  to  the  antenna  geometry  it  is 
extremely  difficult  to  specify  an  arbitrary  reflector  system  with  an  arbitrary  incident  field,  and,  in 
practice  some  restrictions  must  be  placed  on  tho  descriptions  of  the  surface  and  feed  to  keep  the  input 
data  to  the  program  within  bounds.  Hence,  sub-programs  are  used  to  generate  surface  and  feed  data  for 
configurations  corresponding  to  useful  antenna  systems. 

Aperture-blocking  by  feed  systems  and  supports  are  again  accounted  for,  in  an  approximate  fashion, 
by  removing  from  the  integration  the  surface  current  elements  which  ore  shadowed.  This  has  the  effect 
of  reducing  the  surface  currents  to  zero  in  the  ehadowed  regions  while  retaining  the  power  radiated  by 
the  feed  in  those  directions,  thus  accounting  for  both  power  loss  and  aperture  efficiency  effects. 

Since  tho  program  includes  a  double  integration  process  which  may  involve  up  to  7000  points  on  the 
scattering  surface,  a  number  of  computational  techniques  have  been  developed  and  incorporated  into  the 
program  to  reduce  the  time  and  storage  requirements.  To  define  the  incident  magnetic  field  at  the 
reflecting  surface  the  program  accepts  either  tho  far-field  radiation  pattern  of  the  feed  or  a  spherical 
harmonic  expansion  of  the  field  at  the  surface  of  the  reflector.  By  matching  the  far-field  radiation 
of  a  feed  system  to  a  set  of  spherical  waves  at  infinity,  expressions  for  the  near-field  radiation  can 
be  determined.  Tills  is  a  useful  facility  in  dual  reflector  systems  where  the  main  reflector  may  be 
located  in  the  near-fielil  region  of  the  sub-reflector. 

When  tho  primary-feed  radiation  has  the  general  form, 


E(g,<p)  >  Aj(j)  tin  »  a(  ♦  A^(8)  cos  0 


(u) 


which  implies  a  circular  synmetry  where  Ag  and  Ag  are  independent  of  p,  then  measurements  of  the  complex 
co-polar  component  of  the  feed  radiation  in  the  principal  E  and  II  planes  are  sufficient  to  completely 
characterise  tho  feed.  The  program  accepts  this  measured  data  directly,  however,  it  should  be  noted 
that  rectangular  feeds  do  not  satisfy  this  aondition  and  such  radiators  require  measurements  of  the  complex 
co-polar  and  cross-polar  radiation  in  several  planes. 


Within  the  program,  the  reflecting  surface  is  described  in  terms  of  Fourier  expansion  coefficients 
such  that, 


p(0,$)  ■  )  a  (s)  coa  +  b  (•)  sin  m4 

l>  n  ■ 


meO 


(fl,4)  m  £  ^  n  (®)  cos  m4  +  ^  m  (®)  sin  mp 

ttaO 

M 

(®.P)  =  ^  -  m  0^(8)  sin  rt4  +  mb^s)  cos 


(12) 


(13) 


ot-0 


(14) 
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The  value  of  M  may  lie  chosen  to  allow  for  tilting  and  distortion  of  the  reflector  and  a  comp  roods  between 
generality  and  practicality  ha*  to  bo  made.  With  M»2  a  tilt  of  up  to  10&  in  the  x-eflector  can  be 
accommodated.  Offaot  feed  aysteua  can  thus  be  treated  by  calculating  the  relevant  ooefficienta  of  a 
tilted  paraboloid.  An  example  is  shown  in  .figure  3  where  a  contour  map  of  the  magnitude  of  the  co-polar 
end  cross-polar  field  ia  shown  for  a  parabolo.'dal  reflector  fad  by  an  offset  feed. 

5.  THE  PMMAItt-FEED  FHOBLfM 

Similar  theoretical  models  to  those  described  above  can  be  developed  without  difficulty  using  the 
other  techniques  discussed  in  section  2.  In  every  case,  however,  it  is  necessary  to  speoify  accurately 
the  primary-feed  radiation  fields.  The  authors  have  found  that  this  aspect  of  the  modelling  raises  more 
difficulties  than  any  differences  encountered  between  the  basic  techniques.  Although  approximate 
expressions  can  be  found  in  the  literature,  giving  the  radiation  fields  from  simple  feeds,  a  considerable 
disparity  has  been  observed  between  the  cross-polar  components  of  these  models. 

For  a  symmetrical  paraboloid  the  maximum  level  of  the  cross-polar  field  occurs  in  the  diagonal 
planes  when  $  =  njt/4  and  n  is  an  integer.  In  Figure  4,  curve  1  shows  the  measured  cross-polar  radiation 
pattern  in  the  diagonal  plane  for  a  paraboloid  with  a  diameter  (D)  of  38X.  and  a  focal-length  (F)  of  15, 2A. 
The  reflector  is  fed  by  a  rectangular  TEjq  mode  horn  with  aperture  dimensions  of  0.01X  x  1.11.  Super¬ 
imposed  upon  this  distribution  are  the  predicted  fields  using  five  rectangular  horn  primary-feed  models. 

All  but  one  of  the  models  are  based  upon  the  assumption  of  a  TEjq  mode  electric  field  in  the  horn  mouth 
and  are  essentially  derived  from  one  of  the  forme  of  the  equivalence  principle  discussed  in  section  2. 

The  exception  (curve  5)  is  based  upon  measured  data.  The  derivation  of  the  purely  theoretical  models  can 
be  summarized  as  follows: 

(i)  Curve  2:  Using  horn-aperture  tangential  electric  field  only  (Rudge  and  Shirazi,  1973,  p36) 

(ii)  Curve  3:  Horn-aperture  tangential  electric  and  magnetic  fields  related  by  waveguide  mode 

impedance  (Silver,  S,  19-19 ,p343) 

(iii)  No  curve  shown:  Ilom-aperture  tangential  electric  and  magnetic  fields  related  by  free- 
space  impedance  (Collin  and  Zucker, 1009 ,  pG37) 

(iv)  Curve  4:  A  synthesized  model  obtained  by  interpolating  between  the  principal  E  and  H 

plane  fields  obtained  from  method  (i)  assuming  a  dependence  of  the  fonn  shown  in  equation  ( 1 1 ) . 

Although  all  of  the  models  agree  essentially  with  regard  to  the  co-polar  radiation  from  the  antenna, 
the  differences  in  the  predicted  cross-polar  fields  are  obviously  significant.  Method  (i)  appears  to 
give  the  best  result  while  method  (ill)  produces  a  very  low  level  of  cross-polarisation  which  is  below 
the  scale  of  figure  3.  Curve  5  is  based  upon  measurements  of  the  primary-feed  co-polar  radiation  in 
the  principal  E  and  II  planes.  This  date  is  provided  as  input  to  the  large  scale  program  which  inter¬ 
polates  between  the  'measured'  fields  aasoming  that  the  radiation  fields  satisfy  equation  (11) 

Similar  problems  exist  with  other  primary-feed  types  and  since  the  overall  cross-polar  radiation 
level,  in  practical  oases,  is  very  largely  dependent  upon  the  primary-feed  radiation,  the  predictions  can 
have  little  meaning  unless  there  is  considerable  confidence  in  the  expressions  used. 

6.  CONCLUSIONS 

Several  methods  of  predicting  the  vector  radiation  from  reflector  antennas  have  been  examined. 

Although  the  predictions  obtained  from  these  methods  do  have  inherent  differences  it  has  been  found  that 
the  discrepencles  are  very  small  for  practical  satellite  antenna  problems.  A  large  scale  program  of 
the  type  described  here  bas  obvious  advantages  with  regard  to  tho  generality  of  the  scattering  surface 
which  can  be  treated.  However  for  many  applications  involving  well  defined  reflecting  surfaces  the  com¬ 
parative  sinq>licity  and  low  computational  cost  of  the  aperture  fields  methods  are  very  attractive.  A 
more  serious  shortcoming  in  the  prediction  techniques  has  been  found  to  be  that  of  obtaining  on  accurate 
description  of  the  primary-feed  radiation.  Although  measured  radiation  patterns  of  the  primary-feed  con  be 
utilized  as  an  alternative  to  the  purely  analytical  approach,  interpolation  between  the  complex  co-polor 
principal-plane  fields  will  not,  in  general,  be  sufficient  for  primary-feeds  which  do  not  exhibit  circular 
symmetry. 
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DISCUSSICK 


T.L.  AP  RHYS:  My  own  experience  leads  me  to  support  the  Author  ir.  his  comments  on 
the  power  of  the  physical-optics  approach  In  a  large  range  of  problems.  This  has  been 
generally  underestimated.  I  believe. 

In  my  own  work,  I  found  it  necessary  to  use  the  FFT  algorithm  to  reduce  my  computing 
time  to  a  useful  level.  Has  the  Author  considered  using  this  technique  and  can  he  indicate 
the  time  that  he  needs  in  order  to  compute  a  pattern? 

A.w.  RUDQE:  We  have  not  carried  out  a  detailed  comparison  of  Fast  Fourier  Transform, 

techniques  with  the  Ramberg  method.  A  superficial  comparison  was  made  and  the  conclusion 
reached  that  the  FPf  approach  did  not  offer  any  significant  advantage  over  the  Ramberg 
method,  and  was  probably  inferior  In  that  the  Ramberg  method  automatically  minimises  the 
number  of  integrand  evaluationo  for  each  calculation.  Using  the  Ramberg  method  any  two 
vector  components  (co-polar  and  cross-polar 1  at  a  given  field  point  typically  require  an 
overall  time  of  between  i  and  2  seconds  to  compute.  These  times  are  for  an  ICL  iyo6A 
machine. 

W .D. BURR SIDE:  I  felt  that  Dr.  Rudge  made  an  excellent  3tudy  of  the  physical-optic 
solution  for  various  reflections.  However,  to  complete  this  topic,  I  feel  that  the 
geometrical  theory  of  diffraction  (GTD)  can  be  used  with  equivalent  accuracy  for  additional 
side  lobes,  spillover  and  back  lobes.  In  fact,  the  equivalent  current  approach  has  been 
applied  very  successfully  to  this  type  of  problem.  If  he  is  not  aware  of  this  work  perhaps 
he  could  contact  Dr.  Walter  D.  Burnside.  132O  Kinnear  Rd. ,  Columbus,  Ohio  43212.  U.S.A. 

A .W . R UDGE ;  In  our  work  on  reflector  antennas  for  satellites. we  have  been  largely 
concerned  with  details  of  the  antenna  vector  radiation  within  a  moderate  sized  cone  of 
angles  about  the  antenna  boresight.  Within  this  region  we  believe  that  the  physical- optics 
techniques  offer  significant  advantages  over  the  other  methods  which  are  presently  available. 
For  predictions  of  wide-angle  radiation,  the  accuracy  of  the  physical-optics  techniques  1b 
perhaps  questionable  and  these  methods  certainly  demand  considerable  computational  effort 
in  this  region.  It  ie  in  this  region  where  I  would  expect  the  application  of  the  GTD  theory 
to  be  most  profitable.  I  am  aware  of  the  excellent  GTD  work  carried  out  at  Ohio  State 
Universty  in  the  past  and  would  be  interested  in  obtaining  further  details  of  their  present 
activities. 


G.  RIES:  Please  comment  on  the  influence  of  the  reflector  on  the  crosa-polarisation. 

How  does  this  depend  upon  the  F/D  ratio? 

A.W .RUDQE:  The  current  distribution  method  predicts  a  cross-polarised  component  of 
radiated  field  which  arises  due  to  axially  directed  currents  on  the  reflector.  The 
magnitude  of  this  radiation  is  inversely  proportional  to  the  reflector  F/D  ratio.  However 
with  a  practical  illumination  tt per  or.  the  reflector,  these  components  typically  have  peak 
values  which  are  -4 0  to  50dB  below  the  peak  of  the  co-polar  beam  and  in  this  sense  the 
dependence  upon  the  F/D  ratio  is  relitively  uni  iportunt.  Ir.diroctly  the  F/D  parameter  haB 
a  more  significant  effect  in  that  it  governs  the  angle  subtended  by  the  reflector  at  the 
primary  feed  point.  Smaller  F/D  ratios  imply  larger  subtended  angles  and  difficulties  are 
often  encountered  in  achieving  low  levels  of  cross-polar  radiation  from  the  primary  feed 
over  these  larger  angular  ranges. 
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PROBLEMS  OF  LONG  LINEAR  ARRAYS  IN  HELICOPTER  BLADES 
R  H  J  Cary 

Royal  Radar  Establishment,  Malvern,  UK 


SUMMARY 

Helicopter  blades  offer  sites  for  the  inclusion  of  long  microwave  antennas  to  give  narrow  azimuthal 
beams  scanned  by  the  rotation  of  the  blades. 

The  variation  of  blade  attitude  as  it  rotates  is  such  that  it  may  lag,  lead,  bend  in  vertical  and 
horizontal  planes  and  twist,  and  in  consequence  places  limits  on  the  practical  length  of  a  linear  array. 

The  choice  of  location  for  antennas,  either  in  the  front  or  trailing  edge,  or  out  or  inboard  is  discussed. 
Certain  advantages  accrue  from  a  design  where  the  antenna  is  located  near  the  centre  of  gravity  of  the 
blade  section,  and  radiating  rearwards  through  the  trailing  edge,  which  requires  to  be  of  dielectric 
material.  The  length  of  the  section  of  the  trailing  edge  can  be  employed  as  a  dielectric  tapered  slab 
antenna  to  shape  the  beam  in  the  vertical  plane  and  give  more  gain  and  direct  the  beam  in  a  given  direc¬ 
tion.  Theoretical  discussion  of  the  mechanism  of  this  antenna  and  the  choice  of  permittivity  for  the 
dielectric  slab  is  discussed.  High  permittivity  materials  are  not  necessary,  as  those  of  low  permittivity 
(1.15  -  1.5)  have  theoretically  and  experimentally  given  a  considerable  improvement  in  gain.  While  no 
accurate  theory  of  the  tapered  dielectric  slab  antenna  exists,  the  method  of  estimating  an  equivalent 
shorter  uniform  length  for  the  section's  tapered  shape  and  calculating  the  theoretical  radiation  pattern 
of  the  launcher  and  end  radiations,  has  indicated  useful  results  in  predicting  experimental  results 
obtained  with  microwave  antennas  in  the  dielectric  tapered  trailing  section  of  the  helicopter  blade. 

In  practice  a  beam  along  the  trailing  blade  axis  is  not  necessarily  required  but  needs  to  be  modified 
to  cover  angles  somewhat  off  this  axis,  due  to  the  variation  of  the  angle  of  the  blade  axis  as  it  rotates. 
Methods  to  produce  this  off-set  beam  are  shown. 

The  weight  of  a  conventional  dielectric  slab  antenna  would  tend  to  be  unacceptable  and  the  use  of 
artificial  dielectric  materials  has  been  considered  to  solve  this  problem.  The  design  of  an  X  band 
antenna  waveguide  feed  and  the  dielectric  core  and  skin  etc  of  a  tapered  rear  section  of  a  helicopter 
blade  is  given. 

1  INTRODUCTION 

An  increase  in  azimuth  resolution  and  all  round  look  capability  may  be  required  which  are  not  provided 
by  a  conventional  radar  installation  within  the  nose  of  a  helicopter.  Solutions  which  may  give  this 
requirement  are,  a  scanning  antenna  mounted  off  the  hub  of  the  helicopter  rotating  above  the  blades,  or  a 
scanning  antenna  hung  underneath  the  fuselage  and  clear  of  its  landing  gear,  or  an  antenna  housed  within 
the  helicopter  blades.  This  paper  concerns  itself  with  the  antenna  installation  in  blades,  which  offer 
the  opportunity  of  inclusion  of  long  microwave  antennas  to  give  narrow  azimuthal  beams  scanned  by  the  rota¬ 
tion  of  the  blades.  High  resolution  and  all  round  coverage  suitable  for  navigation,  mapping,  search, 
landing  aid,  etc  are  possibilities  with  this  antenna  system.  Among  its  disadvantages  are  that  the  scanning 
speed  is  tied  to  the  speed  of  blade  rotation,  which  if  high  can  limit  the  range  with  such  narrow  beams. 

The  usual  arrangement  is  for  a  number  of  blades  to  be  supported  and  rotated  from  a  central  hub  of  the 
helicopter.  The  blades  consist  usually  of  a  central  metallic  spar  section  which  cannot  be  modified,  with 
front  and  trailing  sections  which  are  mainly  of  aerodynamic  shapes  and  offer  the  possibility  of  installa¬ 
tion  of  antennas.  This  may  be  accomplished  by  either  extra  dielectric  fairings  added  to  the  leading  edge 
or  for  the  front  or  trailing  sections  to  be  partly  or  wholly  of  dielectric  material,  within  which  the 
antennas  are  housed. 

2  AVAILABLE  AZIMUTH  APERTURE 

The  widest  aperture  available  would  be  one  which  employed  an  antenna  system  across  the  whole  diameter 
of  the  blades.  It  is  conceivable  that  an  antenna  in  the  leading  edge  of  one  blade  and  in  the  trailing 
edge  of  one  opposite  could  be  installed.  There  would  be  problems  of  making  the  antenna  aperture  continu¬ 
ous  through  the  central  hub  region  or  to  tolerate  a  gap  in  the  middle  of  the  antenna  aperture  resulting  in 
deterioration  of  side  lobe  pattern  in  the  azimuth  pattern.  Since  the  blades  usually  bend  in  the  horizontal 
plane  and  if  to  maintain  the  azimuth  beam,  tne  conventional  maximum  criterion  of  a  quarter-wave  departure 
from  linearity  is  adhered  to,  it  is  likely  that  an  installation  employing  the  full  diameter  of  the  blades 
would  be  limited  to  the  longer  wavelengths.  Due  to  the  flexing  of  the  blades  in  the  horizontal  plane,  at 
the  shorter  microwavelengths  it  may  be  found  that  only  a  limited  part  of  the  blade  length  may  meet  the 
antenna  linearity  requirements. 

3  L  AND  S  BANC  DESIGNS 

At  L  band  (30  cm)  wavelengths,  the  usual  criterion  for  maximum  departure  of  a  linear  array  from 
linearity  would  be  7.5  cm  (quarter-wave,  and  similarly  for  S  band  (10  cm)  would  be  2.5  cm.  With  these 
tolerances  on  linearity  it  may  be  likely  that  the  blades  bending  movement  in  the  azimuth  plane  may 
poesibly  permit  near  the  whole  of  a  blade  to  be  utilised  or  even  the  whole  diameter  to  be  considered. 

The  antenna  array  at  L  or  S  band  could  be  a  conventional  linear  array  of  radiators  such  as  hori¬ 
zontal  dipoles  located  on  or  within  the  blade  to  minimise  drag,  and  giving  horizontal  polarisation. 

An  arrangement,  Fig  1, would  be  to  space  the  dipoles  near  3.75  cm  (eighth-wave  at  L  Band)  or  1.25  cm 
(eighth-wave  at  S  Band)  from  any  metal  surfaces,  installed  in  a  dielectric  fairing  on  the  front  edge 
and  on  or  in  a  dielectric  trailing  section.  The  dipoles  to  save  weight  could  be  metal  imprints  on  or 
within  the  dielectric.  Since  X  Band  antennas  in  dielectric  fairings  on  the  leading  edge  and  within 
the  trailing  edge  have  been  installed,  and  the  same  techniques  could  be  employed  for  L  or  S  Band  antenna 
installation.  The  feed  to  the  antenna  components  could  be  by  coaxial  cable  or  stripline,  and  would  be 


of  waveguide  which  would  be  too  large  to  incorporate  within  the  blade.  If  the  whole  diamter  is  attempted 
to  be  used,  the  minimising  of  the  centre  gap  in  the  aperture  between  the  opposite  blades  would  be  essen¬ 
tial  to  ensure  low  azimuth  sidelobes.  A  typical  gap  between  blades  could  be  an  eighth  of  the  aperture  in 
length.  It  would  appear  possible  to  reduce  the  gap  by  extending  the  antennas  in  a  fairing  closer  inboard 
from  the  blades  towards  the  hub. 

4  X,  K  AND  K  BAND  DESIGNS 
u  a 

4.1  ANTENNA  LENGTH 

The  length  of  antenna  which  can  be  accommodated  within  the  blade  is  not  usually  the  same  for  each 
waveband  due  to  the  non-linear  movement  of  the  blades,  and  the  quarter-wave  criterion.  In  consequence  the 
full  resolution  improvement  by  going  to  higher  frequencies  does  not  always  materialise.  Before  being  able 
to  determine  the  antenna  length  considerable  knowledge  has  to  be  ascertained  as  to  the  blades  motion, 
deflections  etc  through  its  range  of  speed,  climb,  attitude,  loads  etc.  This  can  be  an  expensive  and 
difficult  task  before  knowledge  of  the  blades  behaviour  is  available  to  assess  the  possible  sites  for 
lengths  of  antenna  at  various  wavebands.  A  study  on  the  information  gathered  from  flight  investigation  of 
a  particular  helicopter  indicated  that  the  maximum  lengths  for  each  waveband  were:- 

X  Band:-  4.3m,  Ku  Band:-  3.3m,  Kg  Band:-  2.3m 

The  1.8  to  1  ratio  of  X  to  Kq  band  antenna  lengths  showed  that  the  4:1  wavelength  ratio  gave  only  a  limited 
improvement  in  resolution. 

The  choice  of  the  operational  waveband  will  have  to  take  this  possible  length  of  antenna  into  account 
and  the  resulting  gain  set  against  other  factors  in  the  operational  performance  equations.  Additional  to 
the  usual  radar  parameters  to  be  considered,  is  a  scanning  factor  which  arises  because  the  transmit  and 
receive  beams  except  at  zero  range  do  not  coincide.  As  the  speed  of  rotation  of  the  helicopter  blade  is 
high,  typically  1800°/sec,a  narrow  beamwidth  is  soon  traversed,  and  the  narrower  the  beamwidth,  and  the 
greater  the  range,  the  larger  the  scanning  loss.  Thus  the  advantage  of  a  narrower  beamwidth  at  the  shorter 
wavelengths  is  somewhat  offset. 

The  type  of  antennas  at  these  X  wavebands  are  typically  slotted  linear  waveguide  arrays;  strip 

line  feeds  with  long  antennas  usually  possess  too  large  a  loss  to  be  considered.  The  slotted  waveguides 
can  conveniently  be  housed  within  the  blade.  At  the  shorter  wavelengths  the  smaller  waveguides  have  instal¬ 
lation  advantages  of  space,  but  their  attenuation  is  increased,  and  as  the  transmitter-receiver  will  usually 
be  located  in  the  helicopter  proper,  the  length  of  feed  to  the  antenna  can  be  appreciable  and  combined  with 
the  antenna  length  loss,  can  favour  the  longer  wavelength.  Further  the  smaller  the  waveguide  the  more 
critical  it  is  to  damage  and  tolerance  errors.  Thus  many  factors  have  to  be  considered  in  the  choice  of 
wavelength,  much  will  depend  upon  the  behaviour  of  the  helicopter  blade,  operational  requirement  and  ease 
of  installation.  Helicopter  blade  antenna  designs  and  installations  have  mainly  settled  in  X  or  Ku  bands. 

In  the  study  for  the  longest  linear  length  of  blade  for  an  antenna  it  may  in  some  cases  be  that  the 
longest  linear  length  is  towards  the  far  end  of  the  blade.  Installation  of  an  antenna  in  the  end  section 
of  the  blade  has  the  disadvantage  of  increased  outboard  weight  and  increased  loss  and  weight  due  to  the 
longer  feed  to  the  radiating  antenna.  Usually  a  reasonable  length  of  antenna  can  be  found  in  the  inboard 
section  of  the  blade  which  does  not  have  such  disadvantages,  and  it  may  on  balance  be  preferable  to  have 
a  somewhat  shorter  antenna  inboard  than  a  longer  one  outboard.  Where  a  helicopter  has  more  than  four 
blades  a  degree  of  screening  from  an  adjacent  blade  may  have  to  be  considered. 

The  extension  of  the  length  of  an  antenna  by  incorporating  phase  correcting  elements  along  its  length 
to  maintain  linearity  of  phase  front  may  be  considered.  Sensing  devices  of  the  variation  of  the  blade 
shape  with  different  angles  of  rotation,  loads,  etc  would  be  required  to  provide  information  to  adjust  the 
phase  shifters.  This  method  of  obtaining  a  longer  antenna  appears  to  present  problems  of  control,  instal¬ 
lation  and  disadvantages  in  weight  complexity  and  cost  and  would  have  to  be  set  against  the  simpler 
installation  of  the  shorter  antenna  with  no  phase  shifters. 

4.2  ANTENNA  SITE  IN  BLADE  SECTION 

The  section  of  the  blade  consists  of  tnree  parts,  the  main  spar  and  fore  and  aft  sections.  The  main 
spar  it  usually  not  considered  suitable  for  modification  but  both  fore  and  aft  sections  have  been  utilised 
for  inclusion  of  end-fed  long  linear  waveguide  arrays. 

4.2.1  ANTENNA  WITHIN  THE  FORWARD  SECTION 

Forward  of  the  main  spar  is  a  metallic  aerodynamic  shaped  section  which  contains  the  balance  weights, 
located  behind  the  leading  edge.  One  installation(Ref  Dmachined  a  rectangular  section  in  the  leading 
edge  into  which  the  linear  end-fed  waveguide  was  located.  Fig  2(a).  A  dielectric  cover  over  the  waveguide 
preserved  the  original  contour  of  the  blade.  This  method  introduced  structural  problems  and  would  be 
costly  to  manufacture  and  would  suffer  from  erosion  in  service. 

4.2.2  ANTENNA  EXTERNAL  TO  LEADING  EDGE 

Due  to  the  complexity  of  installing  the  waveguide  array  within  the  leading  edge,  installations  have 
been  made  externally  on  the  leading  edge.  Ref  2.  A  dielectric  fairing  is  contoured  on  to  the  leading 
edge  and  contains  the  antenna.  Fig  2(b).  The  advantage  of  this  is  that  tne  installation  is  relatively 
simple  and  does  not  interfere  with  the  blade  proper  apart  from  balancing.  One  disadvantage  is  that  it 
has  some  loss  of  performance  aerodynamicslly  and  while  tending  to  give  more  lift,  does  give  some  more  drag 
and  loss  of  range.  The  other  disadvantage  is  the  erosion  of  the  dielectric  cover  which  needs  periodic 
attention. 


4.2.3 


ANTENNA  WITHIN  THE  TRAILING  EDGE  SECTION 


The  trailing  edge  was  also  a  site  available/for  a  linear  end-fed  waveguide  array  to  be  installed,  by 
making  the  trailing  section  of  dielectric.  Ref  /l,  Fig  2(c).  This  antenna  may  function  with  a  very  stiff 
blade,  but  this  site  would  offer  difficulties  with  a  less  stiff  blade  which  bends  in  the  azimuth  plane. 
Typical  of  such  blades  are  those  where  the  rear  section  consists  of  individual  pockets  along  the  length 
of  the  blade, the  gaps  between  which  open  and  close  as  the  blade  bends.  The  site  in  the  trailing  edge  is 
furthest  from  the  centre  of  gravity  and  any  additional  weight  will  have  the  maximum  effect  requiring  the 
maximum  counter  balance.  The  support  of  the  waveguide  near  the  trailing  edge  requires  extra  support 
structure  with  additional  weight,  and  counter-balancing. 

4.2.4  ANTENNA  WITHIN  THE  AFT  BLADE  SECTION 

Locating  the  antenna  close  to  the  main  spar  in  the  rear  section  has  the  advantage  of  being  near  the 
centre  of  gravity.  Fig  2(d).  It  does  require  the  rear  fairing  to  be  made  of  dielectric  material  which  is 
not  necessarily  a  disadvantage,  as  it  can  permit  the  inclusion  of  elements  to  narrow  the  radiation  in  the 
vertical  plane  as  required,  which  is  not  available  by  either  antenna  in  the  leading  or  trailing  edges, 
thereby  increasing  the  gain. 

4.3  RADIATION  PATTERNS 

4.3.1  AZIMUTH  PATTERNS 

The  azimuth  patterns  can  be  derived  from  the  end-fed  slotted  non-resonant  waveguide  arrays.  The 
aperture  distribution  along  the  length  of  the  antenna  is  chosen  to  suit  the  gain,  beumwidth,  and  sidelobe 
requirements.  The  resultant  beam  from  the  non-resonant  slotted  array  will  have  a  slight  equint  from  Lhe 
normal  to  waveguide  axis,  except  in  the  case  of  the  Holey  array  Ref  1  where  the  array  of  holes  give  a 
large  squint  and  loss  of  effective  aperture  as  a  result. 

In  the  case  of  the  installation  of  the  antenna  aft  of  the  spar,  there  is  space  usually  to  install 
either  broad  face  or  edge  slotted  waveguides  to  suit  either  vertical  or  horizontal  polarisation  require¬ 
ments. 


4.3.2  THE  VERTICAL  PATTERN 

Antennas  located  in  the  leading  or  trailing  edges  have  very  limited  aperture  and  the  patterns  in 
the  vertical  plane  are  similar  to  that  of  the  basic  waveguide  slightly  modified  by  the  dielectric  cover. 
Consequently  beamwidths  at  X  Band  of  such  installations  have  been  of  the  order  of  80°.  At  K  band  with 
some  directivity  possible,  give  near  50°.  u 

The  blade  as  it  rotates,  varies  its  axis  in  the  vertical  plane  according  to  the  load  and  its  angle 
in  the  azimuth  plane.  On  some  helicopters  this  variation  could  be  of  the  order  of  20°.  Thus  to  ensure 
coverage,  a  fairly  wide  beam  is  required  in  the  vertical  plane,  and  the  very  broad  beams  in  the  leading 
trailing  edge  installations  more  than  achieve  this. 

4.3.3  ANTENNAS  TO  GIVE  VERTICAL  PATTERN  GAIN 

With  the  antenna  source  located  aft  of  the  main  spar,  by  virtue  of  the  broad  width  of  the  section  at 
this  point,  and  the  available  length  of  the  trailing  section,  this  site  offers  the  opportunity  of  designing 
the  vertical  pattern  to  give  increased  gain. 

The  construction  of  the  trailing  section,  is  usually  a  tapered  metallic  honeycomb  core  with  thin 
metallic  skins,  both  of  which  may  be  replaced  by  dielectric  material.  Fig  2(d).  The  dielectric  skins 
are  typically  0.4mm  thick  of  glass  fibre-resin  of  permittivity  near  4  and  the  core  of  Nomex  type  honey¬ 
comb  of  permittivity  near  1.05. 

The  waveguide  source  located  aft  of  the  main  spar  radiates  in  the  direction  along  the  blade 
will  feed  through  the  honeycomb  and  the  skins  before  finally  radiating.  The  honeycomb  by  virtue 

shape  and  permittivity  greater  than  1  will  tend  to  behave  possibly  like  a  polyrod  type  antenna, 

due  to  the  higher  permittivity  of  4  will  cause  reflections  particularly  as  some  of  the  angles  of 
are  very  high  being  near  84°. 

4.3.4  ANTENNAS  OF  TUNED  ELEMENTS  TO  CONTROL  THE  VERTICAL  PATTERN 

Among  antennas  which  may  be  installed  in  the  trailing  sections  are  those  which  employ  tuned  director 
elements.  Fig  3.  The  inclusion  of  tuned  elements  on  the  surface  of  the  skins  was  not  thought  to  be  prac¬ 
tical  due  to  possible  changes  in  their  tuning,  due  to  surface  painting,  contamination,  erosion,  humidity 
pick-up  and  possible  damage.  The  inclusion  of  tuned  elements  within  the  blade  at  X  Ku  or  Ka  band  appeared 

to  present  problems  of  installation  of  very  small  precise  elements  in  exact  positions  within  the  blade. 

The  nearest  approach  to  this  was  a  solution  to  horizontal  polarisation  which  divided  the  honeycomb  into 
uppar  and  lower  layers  between  which  was  disposed  a  Nomex  sheet  on  which  were  printed  the  metal  elements. 
Difficulty  of  control  of  the  glue  line  and  exact  positioning  of  .the  honeycomb  on  to  the  centre  sheet 
arose  which  detuned  the  radiators  in  an  unpredictable  manner,  led  to  the  abandonment  of  this  solution 
particularly  as  it  was  not  favoured  by  the  aircraft  manufacturer,  who  was  not  enthusiastic  to  cut  the 
honeycomb  to  insert  the  sheet  of  tuned  elements. 

4.3.5  ANTENNAS  OF  UNTUNED  ELEMENTS  TO  CONTROL  THE  VERTICAL  PATTERN 

The  site  of  the  source  aft  of  the  main  spar  and  the  tapered  section  lends  the  configuration  to  be 
studied  possible  as  a  polyrod  or  rather  a  dielectric  tapered  slab  antenna,  which  behaves  in  a  somewhat 
different  manner.  The  basic  action  of  the  pulyrod  is  discussed  prior  to  summarising  results  of  a  theore¬ 
tical  study  of  the  slab  type  antenna. 
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4. 3. 5.1  THEORETICAL  DISCUSSION  OF  BEAM  SHAPING  BY  DIELECTRIC  TAPERED  SLAB 

The  dielectric  rod  antenne  has  been  extensively  studied  by  Ref  3-7.  The  early  simple  explanation  of 
the  dielectric  material  giving  a  phase  delay  to  the  radiation  and  collimating  as  a  lens  did  concur  with 
some  experimental  results  with  short  lengths  of  material ,  but  not  in  general,  particularly  with  longer 
lengths  of  dielectric.  The  other  simple  explanation  by  ray  tracing  and  considering  transmission  and 
reflection  at  the  boundaries  of  the  dielectric  material  was  also  not  tenable,  since  for  instance  a  material 
of  low  permittivity,  where  the  amplitude  of  reflection  is  negligible,  would  permit  the  waves  to  escape, 
whereas,  it  is  now  known  that  a  portion  of  the  launched  radiation  is  trapped  as  a  surface  wave.  The  advent 
of  surface  wave  theory  has  thus  helped  to  explain  the  mechanism  of  the  polyrod.  A  review  of  theories  by 
Ref  3-7  has  helped  explain  the  action.  Consider  a  dielectric  rod,  it  will  channel  electromagnetic  waves 
in  a  similar  manner  to  metal  waveguides,  the  main  difference  is  that  some  of  the  channelled  power  flows 
also  outside  the  guide.  The  resultant  surface  waves  flow  on  both  sides  of  the  dielectric  boundary.  For 
dense  materials  only  a  small  fraction  flows  outside,  whereas  for  low  permittivity  materials  the  majority 
is  external.  Ref  8.  The  launching  of  the  wave  in  the  dielectric  rod  from  a  source  is  not  necessarily 
complete,  the  result  is  that  some  radiation  takes  place  at  the  feed  to  the  dielectric  and  the  rest  from 
the  dielectric  material.  It  is  well  established  (Ref  8)  that  if  the  dielectric  material  is  a  rod  or  slab 
of  uniform  thickness  there  is  essentially  no  radiation  once  the  wave  is  launched  in  the  dielectric  material 
until  the  wave  reaches  the  discontinuity  at  the  end  where  it  radiates  with  some  reflection  taking  place. 
There  are  waves  which  continually  leak  radiation  as  they  travel  along  the  rod  but  these  are  only  weakly 
excited.  (Ref  7).  Thus  the  final  field  pattern  is  mainly  the  result  of  two  radiating  sources,  one  at 
the  launcher  and  one  at  the  far  end  of  the  uniform  dielectric  rod  or  slab.  The  percentage  power  of  the 
two  radiations  is  determined  by  the  efficiency  of  the  launching. 

When  the  launcher  aperture  is  small,  the  aperture  of  the  radiation  of  the  end  of  the  dielectric  rod  or 
slab  is  generally  of  greater  extent  and  can  thereby  beam  the  radiation.  James  Ref  8-10  has  shown  that  by 
calculating  the  ultimate  aperture  of  the  surface  wave  at  the  end  of  the  uniform  dielectric  rod  or  slab 
and  combining  it  with  that  of  the  launcher,  the  gain  and  far  field  pattern  can  be  predicted. 

No  accurate  design  data  exists  for  the  tapered  rod  or  slab  dielectric  which  can  leak  radiation  along 
its  length,  though  recent  papers  suggest  methods  to  attempt  to  solve  this  problem.  Ref  8,  9.  James  suggests 
that  the  tapered  dielectric  may  be  regarded  as  a  number  of  infinite  steps  each  of  which  produce  an  impedance 
discontinuity  which  causes,  at  each  step,  a  loosening  of  the  field  within  the  dielectric  and  the  surface 
wave  to  be  more  external,  and  a  degree  of  radiation  to  take  place.  Thus  the  tapered  dielectric  material 
resultant  far  field  is  a  combination  of  the  radiation  from  the  launcher,  the  radiation  from  individual 
points  down  the  tapered  dielectric  and  the  surface  wave  aperture  at  the  end  of  the  taper.  An  experiment 
combined  with  theory  (Ref  8)  of  an  8.8  wavelength  long  perspex  (e  *  2.56)  tapered  section  rod  from  .7  to 
.3  wavelength  indicated  however  that  this  taper  gave  little  radiation  from  its  length,  and  the  far  field 
could  be  forecast  by  considering  the  launching  and  end  radiation.  Fig  4.  A  long  dielectric  slab  of  the 
same  cross-section  and  material  as  that  of  Fig  4  was  found  experimentally  by  the  author  to  give  a  much 
wider  beamwidth  in  the  plane  perpendicular  to  the  slab  axis,  indicating  the  information  gained  from  a 
similar  section  polyrod  is  not  necessarily  applicable  to  a  tapered  dielectric  slab. 

As  regard  the  helicopter  blade  tapered  dielectric  material,  the  question  arises,  though  it  may  be 
possible  to  consider  a  material  of  e  ■  2.56,  what  was  likely  to  be  the  most  suitable  permittivity  for  the 
configuration  and  was  there  in  fact  a  wide  choice  likely  to  give  directivity. 

Due  to  the  complexity  of  the  tapered  helicopter's  blades  dielectric  section  and  difficulties  of 
theoretically  computing  its  performance,  Galiett  and  James  (Ref  11)  have  suggested  that  a  guide  to  obtaining 
theoretically  the  radiation  patterns  of  the  helicopter  blade,  would  be  obtained  by  an  approximate  method  of 
assuming  the  tapered  section  as  of  a  mean  uniform  dielectric  slab.  Fig  5(a).  Computed  patterns  for  the 
launching  horn  and  dielectric  slab  have  been  made  for  various  permittivities  Ref  10.  The  patterns  in  the 
vertical  plane  are  shown  in  Fig  5(b),  and  indicated  that  for  the  dimensions  concerned  the  gain  falls  off 
with  the  higher  permittivities.  The  theoretical  results  indicate  that  the  addition  of'  the  dielectric  slab 
can  give  a  gain  near  4dB  over  the  horn  launcher  and  7dS  over  the  waveguide  alone.  In  this  configuration 
the  gain  can  be  obtained  with  a  low  permittivity  slab  material  resulting  in  the  minimum  weight  increase 
and  modification  to  the  helicopter  blade. 

Experimental  vertical  patterns  and  relative  gain  for  a  length  of  slab  antenna  with  sectional  dimen¬ 
sions  as  the  tapered  Helicopter  blade  shape,  with  various  permittivities  are  shown  in  Fig  6(a)  and  6(b)  and 
indicated  also  that  a  low  permittivity  of  near  1.3  gave  the  greatest  gain. 

Another  experiment  with  a  fixed  longitudinal  length  of  slab  antenna,  variation  of  the  length  of  the 
dielectric  capered  section,  for  a  particular  permittivity  indicated  tnat  gain  is  sensitive  to  length  of 
the  tapered  section.  Fig  6(c).  The  gain  curves  in  some  cases  have  marked  ripples,  particularly  the 
1.75  permittivity,  where  the  reaction  between  launcher  and  tapered  dielectric  radiations  is  most  severe. 

Thus  it  would  appear  that  the  optimum  conditions  for  gain  of  a  particular  dielectric  shaped  tapered  slab  will 
depend  on  its  length,  and  a  corresponding  suitable  dielectric,  and  an  efficient  launching  system.  The  maxi¬ 
mum  gain  appears  to  be  at  least  that  which  would  be  from  the  equivalent  aperture  of  the  square  root  of  the 
sectional  length  of  the  dielectric,  as  for  conventional  and  fire  arrays.  The  gain  obtained  by  the  addition 
of  the  dielectric  slab  decreases  with  increase  in  launcher  aperture.  (For  a  two  wavelength  aperture  3  dB 
and  for  one  of  four,  near  0  dB) , 

Comparison  of  the  theoretical  estimate  and  the  practical  results  showed  a  similar  permittivity  between 
1.2  to  1.35  as  giving  best  gain.  However  exact  correlation  would  not  be  expected,  since  the  theoretical 
method  assumes  the  tapered  shape  to  be  equivalent  to  a  shorter  uniform  length,  and  s  suitable  phase  rela¬ 
tion  is  given  to  the  launcher  and  end  radiation. 

5  AN  X  BAND  DESIGN  STUDY  OF  VERTICAL  PATTERN  GAIN 

5.1  THE  REQUIREMENT 

The  trailing  edge  of  the  blades  of  a  particular  helicopter  changed  its  axis  as  it  rotated,  from 
near  0°  to  25°  down.  Thus  the  radiation  if  beamed  along  the  trailing  edge  blade  axis  would  radiate 


downward!  nearly  all  the  time,  whereas  it  was  always  required  to  radiate  horisontally.  Thus  the  beam 

would  be  required  to  radiate  up  to  25°  above  the  blade  axis  as  well  as  along  the  blade  axis,  a  coverage 

of  25°.  The  launcher  waveguide  is  positioned  in  the  blade  where  the  width  is  near  1.1  wavelengths  and  its 
polarisation  was  horixontal.  The  sectional  length  of  dielectric  tapered  trailing  section  was  near  5.5 
wavelength  (Fig  7(a)).  Thus  the  problem  was  to  raise  the  beam  above  the  blade  axis  to  cover  the  25°  of 
blade  axis  variation  and  to  narrow  the  beam  to  give  more  gain. 

5.2  DIELECTRIC  ANTENNA  WITH  PERMITTIVITY  NEAR  2.2 

As  the  beam  was  required  to  be  directed  upwards  to  cover  25°,  an  application  of  the  dielectric 

antenna  design  would  be  to  arrange  for  the  axis  of  a  suitable  dielectric  to  lie  at  an  angle  of  say  12j° 

within  the  blade.  To  obtain  the  longest  sectional  length  of  tapered  dielectric  the  waveguide  source  is 
confined  in  the  lower  portion  of  the  blade  and  fed  from  the  waveguide  to  a  short  .4  wavelength  Mtal  horn 
enclosing  a  dielectric  constant  material  near  2.2  of  length  3.8  wavelengths. 

Calculation  from  theory  showed  that  this  would  give  a  beamwidth  near  44°,  neglecting  the  effect  of 
the  honeycomb  and  the  skins.  An  experimental  model  with  a  suitable  dielectric  of  polythene  gave  a  verti¬ 
cal  pattern  as  in  Fig  7(b)  with  a  beamwidth  near  40°,  similar  to  that  forecast  theoretically.  The  experi¬ 
mental  model  using  polythene  would  have  resulted  in  a  considerable  weight  increase  in  the  blade.  To  mini¬ 
mise  the  weight  problem  an  artificial  dielectric  consisting  of  layars  of  short  dipoles  closely  spaced 
within  a  lightweight  foam  giving  a  permittivity  near  2.2  and  loss  tangent  0.01  (Fig  7(c))  was  used  to 
replace  the  polythene  and  achieved  similar  patterns.  The  construction  of  the  blade  with  this  foam  still 
gave  an  undesirable  weight  increase  and  a  difficult  construction  of  skin,  honeycomb,  artificial  dielectric 
and  foam,  to  manufacture.  Further  the  positioning  of  the  waveguide  located  near  the  lower  metal  dielectric 
joint  which  was  a  high  stress  region  was  not  favoured  by  the  blade  structural  designer. 

5.3  DIELECTRIC  ANTENNA  WITH  LOW  PERMITTIVITY 

The  theoretical  studies  of  dielectric  slabs  has  shown  that  beam  directivity  can  also  be  obtained 
with  quite  low  permittivities  provided  the  launching  of  the  waves  is  efficient.  This  has  been  confirmed 
by  experiment  and  considerable  gain  has  been  achieved  along  the  blade  axis.  In  the  case  of  the  dimensions 
of  the  model,  and  pattern  measurements  Figs  5  and  6  a  permittivity  near  1.25  would  give  most  gain. 

Considering  the  X  Band  blade  model  to  achieve  this  efficiency,  the  waveguide  source  needs  to  be  within 
a  metallic  horn  of  the  optimum  aperture  width  offered  by  the  blade  ie  1.1  wavelengths.  The  horn  is  pro¬ 
vided  by  the  metallic  surfaces  of  the  blades,  and  the  rear  spar,  and  encloses  the  waveguide  feeding  the 
dielectric  fairing.  The  required  permittivity  of  1.2  to  1.3  can  be  obtained  with  negligible  weight 
increase  by  using  the  form  of  artificial  dielectric  consisting  of  metal  imprints  on  the  honeycomb  material, 
or  on  thin  dielectric  material  laid  in  the  honeycomb  cells  as  required.  A  design  as  Fig  8  gave  a  beam- 
width  of  near  24°  radiating  along  the  blade  axis. 

The  requirement  of  radiating  at  an  angle  above  the  blade  axis  was  achieved  by  extending  the  side  of 
the  horn  feed  under  the  blade.  Fig  9(a).  The  exact  mechanism  of  this  is  not  clear.  The  extension  may 
have  acted  as  a  reflecting  earth  plane  or  it  may  have  caused  an  assymmetry  and  phase  difference  in  the 
surface  waves  on  the  upper  and  lower  surface  of  the  blade. 

The  pattern  resulting  from  this  arrangement  shown  in  Fig  9(b)  gave  suitable  coverage  in  the  horizontal 
plane  independent  of  blade  angle  in  the  vertical  plane. 

A  pattern  obtained  with  a  lower  permittivity  near  1.08  is  shown  in  Fig  9(b). 

6  A  K  BAND  DESIGN  STUDY  OF  VERTICAL  PATTERN 

u 

At  Ku  band  the  available  aperture  at  the  waveguide  source  was  near  2  wavelengths  and  the  length  of  the 
dielectric  available  was  near  11  wavelengths.  Fig  10(a).  By  designing  the  waveguide  into  a  horn  of  2 
wavelengths  aperture  a  beamwidth  near  30°  is  obtained.  With  an  artificial  dielectric  of  permittivity 
1.25  a  narrow  beam  of  13°  width  is  obtainable  on  blade  axis  and  with  a  permittivity  of  1.07  19°  beamwidth. 

A  beam  directed  up  off  blade  axis  by  13°,  with  a  permittivity  1.2,  a  18°  beamwidth  was  obtained. 

While  these  beams  gave  considerable  gain,  they  were  possibly  embarrassingly  narrow  in  the  helicopter 
under  study.  To  exploit  the  gain,  a  design  which  attempted  to  maintain  a  relatively  narrow  beam  pointing 
at  the  desired  vertical  angle  incorporated  a  double  source.  By  control  of  power  and  phase  in  each  wave¬ 
guide,  the  beam  could  be  maintained  at  a  particular  angle  in  the  horizontal  plane,  independent  of  blade 
axis  movement.  Fig  10(b). 

7  MECHANICAL  DESIGN  FOR  X  BAND  MODEL 
7.1  WAVEGUIDE 

Weight  being  important,  in  an  X  Band  design  speciel  Duraluminium  waveguide  was  used  which  had  the 
advantage  of  maximum  strength  to  weight  ratio.  The  shape  of  the  guide  is  near  rectangular  with  all  corners 
radiused.  The  rounding  of  the  waveguide  was  recommended  to  relieve,  at  the  corners,  any  sharp  stresses 
being  transferred  to  a  similarly  shaped  tube  in  which  it  was  located.  Fig  11(a). 

The  waveguide  is  held  at  the  inboard  position  and  rests  in  a  tube  in  which  it  is  free  to  elongate  due 
to  forces  as  the  blade  rotates.  The  freedom  of  movement  of  the  waveguide  longitudinally  envisaged  the 
minimum  stress  put  on  to  the  main  spar. 

Conventional  edge  slots  were  chosen  as  this  suited  the  application,  though  broad  slots  would  also  have 
been  practical.  Though  slots  weakened  the  waveguide,  it  was  calculated  this  was  preferable  to  using 
radiating  round  holes  which  squint  the  beam  to  such  an  extent  that  considerable  aperture  is  lost. 
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The  waveguide  lie*  in  a  glass  fibre  tube  of  0.15  am  thickness.  At  the  front  face  of  the  tube  the 
thickness  is  reduced  to  0.075  nsa  to  reduce  the  material  in  direct  contact  with  the  slots,  which  have  to  be 
tuned  in  conjunction  with  the  tuba  and  whole  blade  section.  Fig  11(a). 

7.2  CORE 

The  dielectric  support  material  within  the  trailing  edge  is  Nomex  honeycomb,  in  which  may  be  located 
as  necessary,  metal  imprints  of  shortened  dipoles  on  Nomex  sheet. 

7.3  SKINS 

The  skins  in  the  trailing  edge  are  of  dielectric  resin-glass  fibre  0.38  mm  thick.  Matching  the  skin 
may  be  achieved  by  wires  as  inductances  in  the  skin  for  perpendicular  polarisation  as  arises  from  horizon¬ 
tal  polarisation.  The  wires  lying  longitudinally  along  the  blade  spaced  12am  apart  and  of  0.1mm  diameter. 

The  wires  are  laid  between  the  two  layers  of  glass  cloth  forming  the  skin.  Various  methods  to  match 
vertical  and  circular  polarisation  are  outlined  in  Ref  12. 

7.4  METALLIC  SURFACES 

The  forward  metallic  skin  is  jointed  to  the  dielectric  skin  as  convenient  to  the  oianufacturer^  The 
joints  may  be  at  the  positions  as  required  by  the  metallic  launching  horn  and  the  metallic  earth  plane, 
or  if  nearer  the  main  spar,  thin  wires  set  in  the  dielectric  skins  to  simulate  the  horn  and  earthing  |>lane 
are  necessary.  Fig  11(a). 

7.5  BLADE  POCKETS 

Since  some  blade  designs,  as  for  instance  in  the  helicopter  under  study,  have  considerable  flexing, 
the  trailing  edge  sections  are  normally  made  in  short  lengths,  called  pockets.  Fig  11(b).  Between  each 
pocket  is  a  flexible  joint  which  compresses  and  stretches  in  both  planes  as  required  by  the  movement  of 
the  blade.  It  is  important  that  the  joints  between  these  pockets  are  not  such  that  they  produce  regular 
discontinuities  across  the  aperture.  By  making  the  pockets  of  different  sizes  the  regular  pattern  is 
broken,  and  by  using  the  minimum  amount  of  jointing  material  which  has  to  be  dielectric,  minimum  degrada¬ 
tion  of  the  azimuth  patterns  and  sidelobes  can  result. 

7.6  ANTENNA  FEED 

From  the  blade  antenna  to  the  centre  hub,  the  waveguide  system  has  to  provide  components  capable  of 
following  the  blade  actuations  of  pitch,  twisting,  lag,  lead  etc.  These  elements  have  to  operate  in  an 
environment  of  vibration  buffeting  and  weather,  and  need  to  be  designed  accordingly.  Fig  12. 

From  the  centre  hub  to  the  transmitter  receiver  compartment  within  the  helicopter,  the  waveguide  has 
to  incorporate  a  rotating  joint  system.  The  waveguide  may  on  some  helicopters  be  able  to  run  down  the 
centre  of  the  hub  and  through  the  gear  box  and  have  a  simple  rotating  joint  system.  If  this  is  not 
possible  the  waveguide  run  would  be  external  and  a  split  waveguide  "round  the  hub"  rotating  joint  required. 

8  CONCLUSIONS 

Various  sites  have  been  considered  for  long  antennas  from  L  to  K&  Band  in  helicopter  blades  and  the 
overcoming  of  problems  that  arise  have  been  discussed. 

At  the  shorter  microwavelengths  (X  K  K  ),  a  site  aft  of  the  main  spar  in  a  dielectric  trailing  sec¬ 
tion  has  the  advantage  of  being  near  to  th£  centre  of  gravity.  It  has  been  shown  theoretically  and  experi¬ 
mentally  that  an  antenna  radiation  if  launched  efficiently  into  the  dielectric  section,  whose  permittivity 
is  suitably  chosen  can  permit  a  control  of  its  vertical  pattern  to  be  made,  with  improved  directivity  and 
gain.  High  permittivity  materials  are  not  necessary  as  those  of  low  permittivity  (1.15  -  1.5)  have  given 
considerably  improved  gain. 

While  no  accurate  theory  of  the  tapered  dielectric  slab  antenna  exists,  the  method  of  estimating  an 
equivalent  shorter  uniform  length  for  the  tapered  shape  (Ref  11)  and  calculating  the  theoretical  radiation 
pattern  of  the  launcher  and  end  radiations,  have  been  useful  in  predicting  the  experimental  results  obtained 
with  microwave  antennas  in  the  dielectric  tapered  trailing  section  of  the  helicopter  blade. 

Methods  have  been  found  to  radiate  the  beam  off  axis  to  maintain  the  radiation  in  the  horizontal 
plane,  while  the  helicopter  blade  performs  its  various  movements  as  it  rotates. 

To  minimise  weight  the  antenna  may  be  constructed  of  lightweight  waveguide,  with  the  use  of  artificial 
dielectric  materials  in  the  blade's  dielectric  honeycomb,  to  give  the  required  permittivity  for  the  dielectric 
slab,  and  thin  wires  can  be  used  to  match  the  dielectric  skins,  and  metallic  foil  or  thin  wires  used  to 
simulate  the  horn  and  its  extension,  as  necessary. 
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Fig. 2  Sites  of  linear  arrays  in  blade 
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Fig.3  Tuned  directive  elements  to  beam  radiation 
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Fig.4  H  plane  radiation  of  dielectric  rod  antenna 
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Fig.5(a)  Helicopter  blade  antenna  and  approximate  model 


Fig.5(b)  Vertical  patterns  of  model  antenna  with  various  permittivities  (theoretical) 
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Radiation  diagram  off  blade  axis  for  various  permittivities  with  dielectric 
length  altered  for  maximum  gain  -  H  plane 


Variation  of  dielectric  length  for  maximum  gain  and  minimum  beamwidth 
with  various  permittivities 
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Fig.6(c)  Gain  versus  dielectric  length  for  various  permittivities 
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Fig. 7  Beam  tilt  by  artificial  dielectric  e  =  2.2 
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ARTIFICIAL  DIELECTRIC  IN  CELLULAR  STRUCTURES 


DIPOLES 


LAYERS  OF  METALLIC  DIPOLES 

LAYER  SPACING  7mm 

DIPOLE  SIZE  4mm 

DIPOLE  SPACING  7mm 

*-1.3  LOSS  TANGENT  0.003 
(X  BAND) 


SHEETS  WITH  METAL  IMPRINTS  PLACED  IN  CELLS 


IN  CELLS 


BLADE  AXIS 


* 


DEGREES 


Fig. 8  Blade  antenna  with  artificial  dielectric 
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VERTICAL  PATTERNS  OF  PLANE  EXTENSION  TO  TILT  BEAM 
Fig.9  Tilted  beam  with  earth  plane  extension 
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Fig. 10  Ku  band  antenna 
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Fig. 12  Waveguide  feed  to  blade 
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J.P.  OCBIRT;  Bid  you  consider  the  possibility  of  frequency  scanning;  for 
example  to  keep  the  beam  In  a  given  direction  Independently  of  the  blade  rotation? 

R.H. J.OARY;  The  blades  rotate  at  nearly  200  r. p.m.  but  not  In  a  perfectly  olroular 
motion,  the  Tag  and  leaa  angle  Is  measured  mechanically  and  is  fed  to  the  radar  rotating 
display  so  that  the  beam  pointing  is  truly  recorded.  Ve  have  not  used  frequency  shift  to 
squint  the  beam  in  order  to  compensate  for  this  lag  and  lead  angle  of  the  blade.  I  do  not 
consider  it  possible  to  keep  the  beam  in  a  given  direction  continuously,  for  Instance  for 
communication.  The  antenna  is  mainly  on  all  round  look  device. 

C. ANCON A:  What  is  the  opinion  of  the  pilots  about  flying  with  suoh  "electromagnetic" 
blades? 

R.H.J. CARY:  The  integration  of  the  waveguide  inside  the  blade  has  needed  considerable 
testing  Vo  be  mechanically  satisfotory.  As  a  precaution  a  limit  of  200  hours  is  placed  on 
the  antenna,  but  this  will  be  extended  to  the  full  life  of  the  blades  as  experience  is 
gained.  The  pilot  is  happy  with  the  safety  factors  aad  should  be  pleased  to  have  suoh  a 
high  resolution  radar  map. 

T.W.BAZIRB:  Increased  gain  would  be  achieved  by  reduoing  the  vertloal  beamwldth,  but  this 
would  require~control  of  beam  direction  in  elevation  to  compensate  for  varying  tilt  of  the 
blade.  Have  methods  of  achieving  such  control  been  considered? 

R.H.J. CARY:  A  vertical  stack  of  two  waveguides  within  the  blades  has  been  considered, 
with  a  phase  shifter  in  one  guide  feed  to  move  the  beam  in  the  vertical  plane,  but  it  is 
more  complex  and  when  more  confidence  in  the  Bystem  is  gained  perhaps  this  method  will  be 
used. 

J.  VAN  B LAD EL:  Was  the  Doppler  effect  of  any  significance  in  the  operational  use  of  the 
helicopter  borne  systems?  What  ere  typical  rotctlonal  speeds  for  the  antenna  elements? 

R.H.J. CARY:  The  typical  speed  is  150-200  r. p. m.  This  speed  limits  the  range  of  a 
radar  system  with  very  narrow  beamwldtha,  but  the  Doppler  effect  is  not  significant  unless 
one  is  Interested  in  M.T.I. 
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SYSTEME  D'ANTENNES  A  COMMUTATION  REALISANT  UNE  COUVERTURE  AVION  AUX  NORMES  AEROSAT 

par 

C.  ANCONA  et  P.  FRO I DURE 
STAREC  :  12  avenue  Carnot 
9 130C  MASSY  -  FRANCE 

RESUME  t 

Les  projets  de  satellites  aeronautiques  ndcessitent  A  bord  d'avion  des  systAmes 
d'antennes  qui  assurent  une  couverture  hdmisphdrique  avec  un  gain  minimum  donnd. 

Trois  types  de  solutions  sont  envisageables  |  les  reseaux  A  balayage  electro- 
nique,  les  solutions  A  orientation  mdcanique  et  les  systemes  d'antennes  commutables  que 
nous  aborderons  ici. 

On  examine  dans  la  premiere  partie  de  1* expose  quelques  aspects  theoriques  de 
ce  problAme.  On  met  d'abord  en  evidence  les  relations  entre  la  couverture  angulaire  sou- 
haitee,  le  gain  dans  l'axe  de  l'antenne  assurant  cette  couverture,  et  le  gain  minimum 
dans  la  Bone  angulaire  considdrde  (gain  marginal). 

Ces  relations  sont  traduites  sous  forme  d'un  rdseau  de  courbes  permettant,  soit 
d'optimiser  le  gain  marginal,  soit  d'effectuer  un  compromis  addquat  pour  miniaturiser 
l'antenne,  ou  au  contraire,  pour  I'agrandir  et  amdlioror  ainsi  sa  protection  contre  les 
trajets  multiples.  Les  hypotheses  faites  sont  celles  de  diagrammes  de  rdvolution  A  profil 
classique  (non  forme). 

On  examine  ensuite,  1 ' association  optimale  de  n  diagrammes  de  revolution  du 
type  decrit  (3  (  n  <8  )en  vue  d'obtenir  le  pourcentage  maximum  d'angle  solide  couvert 
par  rapport  A  l'hdmisphere  limite  A  des  sites  de  102.  Les  rdsultats  obtenus  sont  prdsentds 
sous  la  forme  de  courbes  permettant  de  determiner,  A  partir  du  nombre  d'antennes  supposdes 
orientees  de  facon  optimale,  et  de  la  couverture  individuelle  de  cheque  antenne,  le  pour¬ 
centage  total  de  couverture  qui  peut  6tre  assurd. 

La  seconde  partie  de  l'exposd  concerne  deux  exemples  de  rdalisation  utilisant 
les  rdsultats  theoriques  gendraux  exposds  dans  la  premiAre  partie,  exemples  pour  lesquels 
on  a  choisi  d'utiliser  respectivement  4«t6  antennes. 

Apres  avoir  prdsentd  les  diagrammes  de  rayonnement  de  l'antenne  dldmentaire 
proposde  (dipoles  croises  dans  une  cavitd  cylindrique) ,  on  met  en  dvidence  les  couvertures 
respectives  obtenues  sous  forme  de  courbes  iso-gain.  On  souligne  les  caractdristiques  opd- 
rationnelles  pour  les  principales  routes  adriennes  en  radio-communication  (  un  seul  satelli¬ 
te)  et  en  localisation  (deux  satellites)  y  compris  la  protection  contre  les  trajets  multi¬ 
ples  ("multipath"),  et  l'on  prdsente  un  exemple  d' implantation  A  bord  d'avion. 

On  conclut  en  soulignant  les  possibilitds  offertes  par  1 'utilisation  d'antennes 
commutables  quand  le  gain  marginal  ddsird  est  rcoddrd  (g  s4  dB) . 

I.  INTRODUCTION 

Les  projets  de  satellites  adronautiques  ndcessitent  A  bord  d'avion,  des  systAmes 
d'antennes  qui  assurent  une  couverture  hdmisphdrique  limitde  A  un  site  de  102  en  gdndral, 
avec  un  gain  minimum  donnd. 

Trois  types  de  solutions  sont  envisageables  i  les  rdseaux  A  balayage  dlectroni- 
que,  les  solutions  k  orientation  mdcanique  et  les  systAmes  d'antennes  commutables,  que  nous 
aborderons  ici. 

Le  principe  d'un  systAme  d' antenne  commutable  assurant  une  couverture  hdmisphd¬ 
rique  consiste  A  implanter  sur  l'avion  un  certain  nombre  d'antennes,  ohacune  assurant  la 
liaison  dans  une  portion  de  1'hdmisphAre  (fig.  1). 

Farmi  les  caractdristiques  ddfinissant  ce  type  de  solution,  deux  prdsentent  une 
importance  particuliAre  >  ce  sont  le  nombre  d'antennes  dldmentaires  ndoessaires  et  le  gain 
minimum  assurd  dans  la  cauverture. 

Ces  deux  caractdristiques  sont  lidos  l'une  A  l'autrei  en  effet,  un  gain  minimum 
dlevd  dans  touts  la  couverture  ne  pourra  6tre  obtenu  qu'au  prix  d'un  nombre  important  d'an¬ 
tennes  dldmentaires |  inversement,  il  ost  thdoriquement  impossible  d'assurer  un  gain  minimum 
supdrieur  A  3  dB  A  l'aide  d'une  antenne  unique. 
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Dans  la  but  d'^clairer  le  compromis  k  r^aliser  entre  la  nombre  d'antennes  616- 
mentaires  qua  l'on  voudrait  le  plus  petit  possible,  at  le  gain  minimum  assurd  dans  la 
couvertura  qua  l'on  desire  maximiser,  nous  allons  examiner  tout  d'abord  le  oas  d'une  an- 
tanne  £l£mentaire  assurant  une  portion  da  la  couvertura  totals.  Pour  cette  antenne,  sup¬ 
poses  de  revolution,  nous  degagerons  las  relations  entre  la  couverture  angulaire  souhai- 
tea,  le  gain  net  dans  l'axe  de  1 'antenna,  et  le  gain  minimum  net  dans  touts  la  couverture 
(gain  marginal).  Nous  examinerons  ensuite  1 'association  geometriqua  optimale  de  plusicurs 
an tenues  identiques. 

La  seconds  partie  de  l'expose  montrera  deux  exemplas  de  realisation  possible 
optimises  k  l'aide  des  resultats  g^ndraux  exposes  en  premikre  partie,  ainsi  qu'un  example 
d' implantation  k  bord  d* avion. 


II.  OPTIMATISATION  DES  C0UVERTURE3  ANGULAIRES 


II. 1.  Analyse  des  caracteristicues  de  l'antenne  eiementaire 

Sur  la  figure  2,  nous  presentons  les  diagrammes  relatifs  de  plusieurs  antennes 
de  gains  diffdrents;  on  constate  que  la  couverture  angulaire  dans  laquelle  le  gain  est 
superieur  ou  dgal  k  0  dB  varie,  et  passe  par  un  maximum  pour  une  certaine  valeur  du 
gain  dans  l'axe. 


Pour  etudier  de  facon  plus  precise  ce  probleme,  nous  ferons  les  hypotheses  sui- 

vantes  i 

1 )  La  forme  du  diagramme  de  rayonnement  exprime  en  dB  d'une  antanne  au  voisinage  du  maxi¬ 
mum  est  assimilable  k  un  arc  de  parabole. 


2)  Le  gain  maximum  d'une  antenne  est  ^gal,  k  une  constante  prks,k  la  directivite  du  lobe 
sectoral  de  revolution  ayant  pour  largeur  la  largeur  k  3  dB  du  diagramme  de  rayonnement 
de  l'antenne  consideree. 

En  appelant  t 

9X  :  la  largeur  angulaire  k  X  dB  de  gain  net  du  lobe  principal  d'une  antenne. 

Gm  :  le  gain  maximum  net  par  rapport  k  1' isotrope  de  cette  antenne  (en  decibels). 
a  t  la  largeur  k  3  dB  du  lobe  principal  de  cette  antenne. 

Les  hypotheses  ci-dessus  conduisent  alors  k  la  formula  suivante  t 


(eX)2  a  Gm  -  X 


qui  traduit  l'allure  parabolique  du  diagramme  de  rayonnement  > 
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oh  A  est  une  constants  lies  au  rendement  de  l'antenne  aux  pertes  par  ddsadaptation,  par 
taux  d'ellipticite,  etc...  dont  la  valeur  est  estioee  k  2  dB. 


En  eiiminant  a  entre  l'es  formulas  (l)  et  (2),  nous  avons  trace  un  rdseau  de 
courbes  dormant  la  largeur  utile  9X  du  lobe  de  l'antenne  k  X  dB  de  gain  net,  en  fonutinn 
du  gain  maximum  net  Gm  en  considlrant  X  comma  un  paramktre. 

On  constate  que  ohacune  dee  courbes  de  ca  rdseau  (fig,  3)  presents  un  maximum  s 
ainsi  la  couverture  angulaire  maximum  que  l'on  peut  rdaliser  avec  un  gain  de  4  dB  net 
(X  =  4  dB)  est  de  l'ordre  de  80®  j  pour  un  gain  net  de  7  dB,  la  couverture  angulaire  maxi¬ 
mum  est  de  60®  environ  et  tombe  k  40®  environ  pour  un  gain  net  de  10  dB. 


Notona  enfin  que  l'atfrien  assurant  la  couverture  angulaire  maximum  avec  un 
gain  net  donnl  est  uelui  qui  presents  un  gain  maximum  supdrieur  de  4,3  dB  au  gain  demand^ 
dans  la  sons  k  couvrir. 


Par  example,  l'antenne  dldmentaire  qui  assurera  la  couverture  angulaire  la 
plus  large  avec  4  dB  de  gain  net  dans  touts  la  couverture  sera  cello  qui  presents  un  gain 
maximum  net  de  4  44,3  =8,3  dB. 
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Ce  resultat  est  en  parfait  accord  avec  las  travaux  de  J.V.  DUCAN  (Rdf.l)j  o'est 
ime  propridtd  intrinsfeque  du  lobe  k  4,3  dB  qui  apparatt  ainsl  comma  une  valeur  remarquable, 
II  ne  s'applique  cependant  rigoureusement  qu'aux  antennes  de  rdvolution  ayant  un  diagramme 
de  rayonnement  d* allure  parabolique. 

Signalons  qu'il  n'est  pas  toujours  necessaire  d'adopter  les  solutions  optima 
reprdsentdes  sur  la  figure  3  .  On  peut  6tr e  conduit  k  s 1 en  dcarter  quitte  k  augmenter  leur 
nombre,  soit  pour  avoir  des  antennes  dldmentaires  de  plus  petites  dimensions,  soit  'pour 
admettre  desantennes  plus  grandes  en  vue  d'ameliorer  la  protection  contre  les  trajets  multi¬ 
ples  . 


II. 2.  Association  gdomdtriaue  optimale  de  plusieurs  couvertures  angulaires  de  revolution 
identiaues 

La  couverture  angulaire  de  l'aerien  dldmentaire  dtant  connue,  se  pose  alors  la 
question  du  pourcentage  maximum  de  couverture  realisable  par  rapport  k  la  sone  k  couvrir 
pour  un  nombre  donnd  d'adriens  dldmentaires  identiques. 

11.2.1.  Principe  du  calcul  de  l'optimum  de  la  couverture 

C«  calcul  d 'optimum  est  purement  gdomctrique;  il  revient  k  se  donner  n  cdnes 
de  largeurs  angulaires  ©x  et  k  rechercher  1 1  arrangement  de  ces  cdnes  conduisant  k  la 
meilleure  couverture. 

En  fait,  si  on  se  limite  k  n  <8,  1* ensemble  den  configurations  intdressantes 
se  ramkne  k  deux  groupes.  L'un  ou  les  n  lobes  sont  pointes  au  mdme  angle  d'eldvation  et 
dquidistants  en  azimut,  l'autre  dcduiit  du  prdcddent  en  rajoutant  un  lobe  au  zdnith. 

Pour  chacune  de  ces  deux  configurations,  et  chacune  des  valeurs  de  (  n  <  3  n  <8), 
nous  avons  oalculd  le  pourcentage  de  couverture  obtenu  pour  diffdrentes  valeurs  de  l'an- 
gle  0  entre  le  zdnith  et  l'axe  du  cdne. 

La  fig.  4  reprdsente  un  example  du  rdsultat  des  calculs,  effectuds  dans  le  cas 
d 1 un  cdne  au  zdnith  entourd  de  5  cdnes  latdraux. 

Sur  les  axes  ox  et  oy,  nous  avons  portd  respectivement  1 'angle  au  sommet  des 
cdnes  (©x  )  et  l'angle  de  l'axe  de  ces  cdnes  avec  le  zdnith  (©)  ;  sur  l'axe  vertical  est 
porte  le  pourcentage  de  couverture  correspondant. 

On  constate  que  le  pourcentage  de  couverture  crott  avec  l'angle  au  sommet  ©x 
des  cdnes  et  passe  par  un  maximum  en  fonction  de  0  . 

A  cheque  angle  au  sommet  des  cdnes  0^  correspond  done  une  valeur  maximum  de 
couverture  rdalisable;  la  fig.  5  prdsente  le  r<seau  donnant  ces  valeurs  maximum  en  fonc¬ 
tion  del 'angle  au  sommet  des  cdnes.  Le  nombre  u  de  cdnes  (ou  lobes  circulaires)  dtant 
pris  comma  parametre.  La  configuration  correspundant  k  la  figure  5  ne  comporte  pas  de 
lobe  au  zdnith. 

La  figure  6  donne  un  rdseau  de  courb«s  analogue  dans  le  cas  de  la  configuration 
comportant  un  lobe  au  zdnith. 

L'examen  des  courbes  donndes  aux  figures  5  et  6  permet  de  ddduire  les  largeurs 
utiles  de  lobe  permettant  une  couverture  total®  de  l'hdmisphure  k  1' exclusion  des  sites 
infdrieurs  k  10®,  en  fonction  des  nombres  de  lobes  ot  de  leur  arrangement,  Ces  valeurs 
sont  roportdes  dans  le  tableau  ci-dessous. 
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Ayant  montrd  pr^c^demment  (fig. 3)  qu'une  antenne  eiementaire  ne  peut  paa  assu¬ 
rer  un  gain  net  supdrieur  A  7  '  dB  dans  un  lobe  ddpassant  60S  de  largeur,  nous  conoluons 
qu'il  est  impossible  avec  les  hypotheses  faites  d'assurer  une  couverture  avion  A  100  # 
aux  normes  AEROSAT  avec  un  gain  minimum  de  7  dB  avec  un  nombre  d 'antennas  commutables 
limits  A  8. 

III.  APPLICATION  A  LA  DEFINITION  D’UN  SYSTEME  P ’ANTENNES 


Nous  venons  de  voir  que  la  realisation  d'une  couverture  avion  A  7  dB  de  gain 
net  avec  un  nombre  raisonnable  (n  <  8)  d'antennes  commutables  de  dimensions  acceptables, 
est  impossible,  nous  nous  attacherons  done  A  la  realisation  d'une  couverture  A  gain  plus 
faible  soit  +  4  dB  de  gain  net. 

Le  rdseau  de  oourbes  prdsente  A  la  figure  3  montre  que  l'antenne  rdalisant  une 
ebuverture  optimum  A  t  4  dB  de  gain  net  A  un  gain  maximum  not  voisin  de  8  dB. 

L'adrien  que  nous  avons  retenu  (figure  7)  se  prdsente  comme  une  cavite  cylin- 
drique  de  diamAtre  140  mm  environ  et  de  60  mm  de  profondeur  fermde  par  un  raddme  plan. 
Bans  cette  cavite  sont  implantds  deux  dipdles  symdtriques  orthogenaux,  alimentes  A  l'aide 
d'un  ooupleur  3  dB. 

Les  performances  de  cette  antenne  dont  le  diagramme  de  rayonnement  est  donnd  A 
la  figure  8  sont  les  suivantes  t 


-  gain  maximum  net  (toutes  pertes  comprises)  . . . . .  8  dB 

-  largeur  utile  du  lobe  A  +  4  dB  de  gain  net  . . . .  809 

-  Taux  d'ellipticitd  . . . . . . . .  <  2  dB 


En  reportant  le  lobe  utile  de  809  sur  les  figures  5  et  6,  on  peut  dresser  le 
tableau  ci-dessous  donnant  en  fonction  du  nombre  d'antennes,  la  couverture  maximum  reali¬ 
sable,  pour  les  deux  types  de  configuration  : 


On  constate  que  jusqu'A  quatre  antennes,  la  configuration  sans  lobe  au  sdnith 
est  plus  intdressante,  Nous  la  cons iddrerons  comma  la  solution  minimum  au  problAme  posd. 

La  couverture  A  100  %  est  realisable  A  l'aide  de  six  antennes  dont  une  au 
senith(  cette  configuration  conduit  A  un  pointage  des  antennes  latersles  plus  bas  sur 
l'horison,  done  A  une  protection  contre  le  multipath  plus  faible;  pour  cette  raison  nous 
lui  avons  prdfdrd  la  configuration  sans  antenne  au  sdnith  qui  conduit  A  un  pourcentage 
de  couverture  maximum  de  98,3  %  mais  assure  une  meilleure  protection  contre  "les  trajets 
multiples". 

Sur  les  figures  9  et  10,  nous  presentons  sous  forme  de  oourbes  iso-gain,  les 
couvertures  obtenues  avec  quatre  antennes,  et  six  antennes. 

En  vue  de  prdciser  les  caracteristiques  operationnelles  de  ces  couvertures  en 
radiocommunication  (liaison  avec  un  seul  satellite)  et  en  radiolooalisation  (liaison  si- 
multande  avec  deux  satellites),  nous  avons  superpose  aux  oourbes  iso-gain,  les  directions 
sous  lesquelles  les  deux  satellites  sont  vus  de  l'avion  pour  un  certain  nombre  de  vols 
r epr ds entatif s ,  dont  quelques  uns  sont  reprdsentds  A  la  figure  11. 

Le  tableau  ci-aprAs  resume  les  prlncipales  caracteristiques  operationnelles 
des  couvertures  obtenues  avec  4  et  6  antennes. 


j  Nombre  d 'antennes 

(  Pourcentage  de  couverture  k  +  4  dB 

/  Protection  contre  le  multipath  k  -  10®  de 
j  site 

4 

6 

94  fo 

99  $ 

3,3  k  4  dB 

3,6  a  3,9  dB 

j  Fonctionnement  en  radiocomraunication  s 

J  Pourcentage  de  v0is(sur  15  vols)  assurds 
totalement  k  :  +  7  dB  de  gain  net  . 

67  i° 
ioo  i° 

/  +  4  dB  de  gain  net  . . 

100  i 

Fonctionnement  en  radiolocalisation  (  x  ) 

1  Pourcentage  de  vols  (sur  15  vols)  assures 

totalement  avec  s 

' 

—  7  dB  sur  2  satellites  . . . . 

o  o 

0  i 

20  i 

—  7  dB  sur  1  satellite  et  4  dB  sur  l'autre 

0  % 

87  <fo 

40  % 

100  i 

-  4  dB  sur  1  satellite  et  1  dB  sur  l'autre 

(  x  )  Les  deux  satellites  dtant  stabilises 

Ouest  et  60®  Ouest, 

sur  l*Atlantique 

par  20® 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

) 

( 

1 


Le  tableau  ci-dessus  montre  qu'une  couverture  avion  en  bande  L,  realisee 
grfice  k  6  antennes  fixes  commutables,  permet  d 'assurer  consbamment  le  f onctionnement 
en  radic communication  avec  au  moins  4  dB  de  gain  net  et  en  radiolocalisation  avec  au 
moics  4  dB  de  gain  net  sur  un  satellite  de  1  dB  sur  l'autre;  en  outre,  dans  environ 
70  in  des  vols  consideres  la  radiocommunication  est  assurde  avec  +  7  dB  de  gain  pen¬ 
dant  toute  la  durde  du  vol* 

La  figure  12  donne  un  exemple  d *  implantation  sur  un  avion  rapide,  les  adriens 
dtant  entierement  encastrds,  deux  dtant  situes  k  droite  et  deux  k  gauche  de  l'avion 
dans  la  partie  supdrieure  du  fuselage, 

Sur  la  m6me  figure,  nous  prdsentons  un  exemple  d 1  implantation  sur  avion  sub- 
sonique  des  six  adriens  groupds  sous  un  radome  profild  faiblement  saillant  placd  sur 
le  dessus  du  fuselage.  Cette  implantation  a  l*avantage  d'dviter  des  pergages  impor- 
tants  dans  la  structure  et  done  un  af faiblissement  de  celle-ci» 

Notons  que  pour  les  deux  exemples  ci-dessus,  1 ' implantation  des  antennes  dans 
le  fusalage  au-dessus  des  ailes,  devrait  conduire  k  une  amelioration  de  la  protection 
contre  les  raultitrajets . 
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DI3CUS3ION 


R.  REITZIQ;  ?or  simultaneous  contact  to  two  satellites  there  are  instances  in  which 
two  antennas  nave  to  be  operated  simultaneously.  Doesn't  this  give  severe  interference 
proolems. 

P.  PROIDURB:  The  beamwidth  at  +1dB  of  gain  for  the  antenna  chosen  is  about  100^; 
also  there  is  auoh  an  overlap  of  antenna  diagrams  that  it  is  always  possible  to  find  one 
of  the  six  antennas  on  which  the  gain  is  at  least  +4dB  towards  one  satellite  and 
simultaneously  +1dB  towards  the  other  satellite  (at  least  for  all  the  considered  alroraft 
paths) 
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SUMMARY 


In  a  ground-satellite-aircraft  communication  system  the  aircraft  antenna  is  a  critical  part 
since  it  has  to  meet  the  typical  environmental  requirements  and  possess  a  rather  high  gain.  This 
paper  describes  a  suitable  antenna  system,  installed  on  a  Fokker  Friendship  aircraft.  It  consists 
of  a  linear  array  of  blade  antennas,  a  power  division  and  phase  shifting  network  in  coax  technique 
and  a  manual  controlled  beam  selector/indicator.  The  design  of  the  array  is  based  on  a  mathematic¬ 
al  model  that  has  been  constructed  from  theoretical  considerations  and  experimental  results. 

Mutual  coupling  effects  are  accounted  for  by  using  scattering  coefficients.  With  the  aid  of  a 
computer  the  spacings  between  the  antennas  were  determined  in  such  a  way  that  a  nearly  constant 
directivity  in  the  yaw  plane  of  the  aircraft  could  be  expected. 

The  performance  of  the  array  was  evaluated  in  several  flights  in  which  radiation  patterns 
were  measured  in  the  receive  and  the  transmit  mode.  From  these  measurements  it  is  concluded  that 
with  the  linear  phased  array  of  eight  blade  antennas  a  gain  of  10  dB  can  be  achieved.  The  antenna 
coverage  in  the  yaw  plane  equals  360°,  in  the  pitch  and  roll  plane  25  . 

1.  INTRODUCTION 

With  the  advancement  of  (geostationary)  communication  satellites  the  number  of  applications 
of  such  satellites  is  steadily  increasing.  A  particular  class  of  applications  concerns  the 
communication  (including  surveillance  and  navigation)  to  mobile  u^ers  in  parts  of  the  globe  that 
are  otherwise  rather  inaccessible.  An  important  example  of  such  a  mobile  user  is  an  aircraft  over 
an  ocean. 

In  a  ground-satellita-air craft  communication  system  the  aircraft  antenna  is  a  critical  pa'rt 
because  it  har  to  meet  the  demands  imposed  by  the  aircraft  environment  and  at  the  same  time 
possess  a  rather  high  gain.  If  the  antenna  is  placed  outside  the  skin  of  the  aircraft  it  should  be 
able  to  withstand  the  loads  (e .g. vibration)  that  are  generated  by  the  high  speed  airflow  around 
the  aircraft,  even  when  it  is  covered  by  ice  (icing  condit.ons).  Also,  the  disturbances  in  the 
airflow  that  are  caused  by  a  protruding  antenna  should  not  degrade  the  stability  and  flying 
characteristics  of  the  aircraft.  If  the  antenna  is  inside  the  skin,  it  usually  requires  an 
appreciable  amount  of  space.  Also,  the  dielectric  cover  that  is  flush  with  the  contour  of  the 
aircraft  will  degrade  the  electromagnetic  signal  and,  may  be  more  important,  the  load  carrying 
ability  of  the  aircraft  skin. 

The  gain  required  of  an  aircraft  antenna  for  satellite  communication,  deperds  on  the  fre¬ 
quency  and  bandwidth  of  the  electromagnetic  signals  and  on  the  characteristics  of  aircraft  and 
satellite  equipment.  However,  increases  in  gain  will  lower  the  requirements,  end  hence  the 
costs,  of  the  equipment.  Depending  on  the  purpose  and  use  of  the  communication  system  an 
optimum  antenna  gain  at  the  current  state-of-the-art  may  be  defined.  Among  the  candidate  antenna 
systems  with  a  gain  of  up  to  about  10  dB,  linear  arrays  of  simple  and  cheap  antennas  appear  to 
be  reasonable  choices.  This  paper  contains  a  discussion  of  the  characteristics  and  performance  of 
a  linear  array  of  8  blade  antennas  which  has  been  installed  on  top  of  a  Fokker  F-27  aircraft  and 
used  for  voice  communication  in  the  lower  UHF  region  via  the  geostationary  LES-6  satellite. 

2.  DESCRIPTION  OF  THE  ARRAY 

The  antenna  system  consists  of  a  linear  array  of  eight  UHF  blade  antennas,  a  power  division 
and  phase-shifting  network  with  associated  control  logic,  and  a  beam  selector  with  indicator.  The 
applicable  phase-shifts  and  mutual  distances  between  the  elements  obtained  from  prediction  of  the 
achievable  antenr.a  patterns.  In  the  mathematical  model  used  for  this  prediction  the  incorporation 
of  the  e.ctual  scattering  coefficients  is  essential.  Therefore  theae  coefficients  were  measured  on 
a  (partial)  mock-up  of  the  aircraft.  The  array  wgs  optimized  in  such  a  way  that  the  antenna  system 
possesses  a  nearly  constant  directivity  over  36CT  in  the  yaw  plane  and  meets  the  absolute  gain 
requirements  derived  from  th-  power  budget  calculation.  The  elements  are  not  uniformly  spaced; 
towards  the  ends  of  the  array  the  blade  antennas  are  spaced  more  closely  than  at  the  array  center. 

The  power  division  is  accomplished  by  hybrid  T's.  The  phase-shifting  is  obtained  by  inserting 
different  lengths  of  coaxial  cable  between  hybrids  and  the  array  elements.  It  was  possible  to  use 
the  same  coaxial  lines  for  both  the  t  ansmit  and  the  receive  mode  of  the  antenna  although  the 
applied  frequencies  were  some  50  MHz  ipart.  The  lengths  of  the  coaxial  phase  shifters  were  opti¬ 
mized  for  the  receive  frequency  because  the  aatellite-to-aireraft  link  was  recognized  as  the  most 
demanding  one  in  the  system.  Only  the  control  logic  for  the  phase  shifters  had  to  be  specialized 
for  either  mode.  The  manual  control  of  the  beam  direction  is  achieved  by  comparing  the  aircraft 
heading  and  the  satellite  position.  In  twelve  step)  the  full  360  of  the  yaw  plane  are  covered. 
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3.  DESIGN 

3.1.  Number  of  elements 

Power  budget  calculations  for  the  up  and  down  links  of  the  aircraft  satellite  system  showed 
that  the  highest  demand  on  the  aircraft  antenna  is  a  gain  of  about  10  dB  in  the  down  link  (i.e. 
aircraft  receiving).  Comparison  of  the  geometrical  array  factors  for  linear  phased  arrays 
indicates  that  a  gain  of  10  dB  should  be  obtainable  with  8  blade  antennas .  Besides ,  selection  of 
an  array  of  this  size  is  attractive  in  view  of  power  division  considerations. 

Additional  justification  for  the  selection  of  8  elements  is  provided  by  the  fact  that  a 
similar  array  developed  by  the  Canadian  Armed  Forces  consists  of  9  elements  and  has  been  reported 
to  work  satisfactorily  (Lambert,  J.D.  et  al,  196 9). 

3.2.  Array  theory  and  verification 

In  order  to  predict  the  performance  of  the  linear  array,  a  theory  was  derived  and  tested.  A 
full  description  of  the  theory  and  of  the  experimental  results  for  a  linear  array  of  three  blade 
antennas  is  given  in  an  earlier  publication  (Vreeburg,  J.P.B.  et  al,  1971).  The  experimental 
results  were  obtained  with  the  array  installed  on  a  mock-up  of  its  immediate  electrical  environ¬ 
ment  on  an  F-27  aircraft.  It  was  found  that  the  measured  radiation  patterns  agreed  well  with  the 
patterns  predicted  by  the  theory.  For  example,  the  sidelobe  levels  were  predicted  with  an  average 
accuracy  of  1.5  dB  as  compared  to  2.0  dB  for  the  geometrical  array  factor. 

In  the  derivation  of  the  employed  theory  two  important  assumptions  have  been  made.  First, 
ea.h  antenna  in  the  array  radiates  the  same  pattern,  and  second,  the  contribution  of  each  antenna 
to  the  total  field  is  determined  by  the  phase  and  amplitude  of  the  antenna  current  at  a  specific 
location  on  that  antenna.  In  the  sequel  this  location  will  be  referred  to  as  the  phase  center  of 
the  antenna. 

The  first  assumption  implies  that  there  is  no  electromagnetic  coupling  between  the  antennas. 
However,  by  the  second  assumption,  the  mutual  effects  can  be  accounted  for  in  an  integrated  form 
by  their  influence  on  the  locations  of  and  the  conditions  at  the  phase  centers  of  the  antennas. 

Although  the  phase  center  has  been  defined,  it  is  still  impossible  to  determine  its  location 
without  knowledge  of  the  current  distribution  on  the  antenna.  Therefore,  it  is  assumed  that  the 
current  distribution  on  the  antenna  is  rather  simply  related  to  the  current  distribution  in  the 
feeding  line.  Then  the  phase  center  can  be  defined  sensibly  in  the  coaxial  line  of  each  antenna. 
Experiments  that  corroborate  this  assumption  are  given  by  Angelakos,  D. J.  ,  1951. 

The  current  distributions  in  the  feeding  lines  are  determined  from  the  excitation  waves  and 
the  measured  self  and  mutual  scattering  coefficients  of  the  antennas  in  the  array.  Thus,  when  a 
location  in  a  feeding  line  has  been  chosen  the  phase  and  amplitude  of  the  current  at  that  location 
are  known. 

Two  different  definitions  of  tne  Fhase  center  locations  were  tried  and  checked  experimental1 y 
for  the  8-element  array.  The  first  definition  puts  the  phase  center  at  a  location  of  maximum 
current  in  the  line  on  the  expectation  that  large  currents  in  the  feeding  line  will  correspond  to 
large  antenna  currents.  The  second  definition  locates  the  phase  centers  at  some  suitably  chosen 
constant  distance  from  the  antennas.  This  distance  is  determined  by  matching  oelected  measured 
radiation  patterns  to  theoretical  patterns  ,  using  the  pattern  of  a  single  antenna  without  neigh¬ 
bouring  elements  as  the  element  radiation  pattern. 

The  results  obtained  by  the  use  of  the  two  different  definitions  were  compared  with  measure¬ 
ments  on  a  linear  array  of  three  blade  antennas  (Vreeburg,  J.P.B.  et  al,  1971).  Each  definition 
gave  about  equally  accurate  results  although  the  pattern  predicted  by  one  definition  was  different 
from  the  pattern  predicted  by  the  other. 

After  the  geometry  of  the  8-element  linear  array  had  been  finalised,  the  theoretical 
radiation  patterns,  predicted  by  the  different  definition  of  the  phase  centers,  were  compared  with 
measured  patterns.  It  now  appeared  that  the  assumption  of  a  phase  center  at  a  constant  distance 
from  the  antenna  in  the  line  gave  better  results  than  the  alternative  definition  of  the  phase 
center  as  the  location  of  maximum  current. 

3.3.  Choice  of  configuration  and  excitations 

The  selection  criteria  were: 

(1)  uniformity  of  the  directivity  over  the  scan  range,  i.e.  the  composite  radiation  pattern 
for  all  excitations  should  be  approximately  circular  in  the  azimuth  plane, 

(2)  the  number  of  main  beams  required  to  fulfil  criteria  (l)  at  the  two  frequencies  should 
not  be  very  large,  i.e.  successive  beams  should  overlap  efficiently, 

(3)  insensitivity  to  small  errors  in  spacing  and  excitation,  i.e.  small  changes  in  the 
geometry  or  excitation  should  give  only  a  small  degradation  in  overall  performance, 

(U)  the  total  length  of  the  array  must  not  exceed  the  available  installation  space  on  the 
fairing . 

After  an  equidistant  8-element  array  had  been  installed  or.  the  mock-up  of  the  F-27  aircraft, 
the  scattering  coefficients  were  measured  and  empirical  functions  were  determined  that  gave  close 
representations  of  the  measured  coefficients.  These  functions  were  used  to  calculate  the  perfor¬ 
mance  of  different  array  geometries  for  a  range  of  excitations. 


Tiie  "best"  choice  of  array  geometry  was  found  to  possess  the  following  spacings  between  the 
successive  elements  (in  meters):  0,54  -  0,56  -  0,62  -  0,62  -  0,62  -  0,56  -  0,54. 

Finally,  by  a  try-and-error  procedure,  using  computations  and  pattern  measurements,  a  satis¬ 
factory  aggregate  of  beam  directions  and  their  corresponding  excitations  was  obtained. 

1*.  CONSTRUCTION 

The  8-element  blade  antenna  array  has  been  installed  on  top  of  the  F-27  Troopship  by  means  of 
a  fairing  between  the  cockpit  and  the  wing.  The  total  length  on  the  fairing  available  for  install¬ 
ation  of  the  array  was  4.77  m.  A  picture  of  the  installed  arriy  on  the  aircraft  is  given  in 
figure  1. 

The  method  of  using  a  fairing  rather  than  installing  the  blades  directly  on  the  aircraft  was 
chosen  because: 

1)  the  antenna  cables  could  be  guided  through  the  fairing  and  brought  into  the  interior  of 
the  aircraft  through  an  existing  hatch  of  the  pressurized  cabin, 

2)  the  installation  could  be  prepared  largely  independent  of  the  aircraft  so  that  actual 
installation  time  was  minimal , 

3)  remodification  of  the  aircraft  after  the  experiments  would  be  easy  because  the  pressurized 
cabin  hull  had  not  been  pierced. 

A  possible  disadvantage  of  the  fairing  could  be  degradation  of  the  antenna  radiation  patterns 
due  to  the  influence  of  its  geometry  and/or  unsatisfactory  electrical  connection  to  the  fuselage. 
Therefore  the  fairing  was  simulated  on  the  mock-up  of  the  F-27  and  its  effects  investigated.  No 
adverse  influences  of  the  chosen  fairing  geometry  on  the  antenna  chai acteristics  were  found. 

The  influence  of  the  protruding  parts  of  the  antenna  system  on  the  flight  characteristics  of 
the  aircraft  had  been  estimated  to  be  minor.  In  order  to  check  this  estimate,  a  test  flight  with 
the  aircraft  was  carried  out  after  installation  of  the  fairing  with  antennas.  The  results  of  this 
flight  accorded  with  the  expectations ,  no  appreciable  deterioration  of  aircraft  performance  ha3 
been  observed. 

5 .  EXPERIMENTS 

5.1.  Background  information 

The  experimental  program  to  test  the  array  antenna  performance  should  be  interpreted  in 
view  of  the  aim  of  the  antenna  development.  This  aim  is  to  show  the  feasibility  of  a  lineal'  array 
antenna  for  satellite  communication  in  the  lower  CJHF  region. 

If  for  each  beam  excitation  the  full  three-dimensional  radiation  pattern  of  the  array  were 
known,  one  would  have  complete  information  about  the  antenna.  A  very  extensive  test  program  is 
required  to  collect  this  information  and  a  large  part  thereof  (e.g.  the  detailed  sidelobe  struct¬ 
ures)  would  not  be  necessary  to  demonstrate  antenna  feasibility.  Thus,  only  the  most  important 
pert 8  of  the  different  radiation  patterns  have  been  measured. 

The  experimental  program  has  been  carried  out  with  three  systems,  viz.: 

-  airborne  station:  RN1*F  F-27  Friendship 

-  groundstation:  Physics  Laboratory  RVO/TNO,  The  Hague 

-  satellite:  LES-6. 

The  geostationary  LES-6  satellite  is  visible  £rom  the  Netherlands  at  an  azimuth  p.ngle  of  23**° 
(magnetic  north  *  0°)  and  an  elevation  angle  of  18  .  The  satellite  contains  a  repeater  that 
receives  at  a  frequency  of  about  302  MHz  and  transmits  at  249  MHz. 

5.2.  Pattern  measurements 

The  overall  system  configurations  during  the  recording  of  the  radiation  patterns  at  tne 
transmit  frequency  and  at  the  receive  frequency  of  the  array,  is  given  in  figure  2. 

It  is  known  that  the  signal  transmitted  by  the  LES-6  satellite  exhibits  a  fading  of  up  to  6  dB 
with  a  period  of  about  6  seconds.  This  fading  is  related  to  the  spin  rate  of  the  satellite. 

Because  these  amplitude  variations  are  superimposed  on  the  radiation  pattern,  the  recording  of  the 
field  strength  must  be  at  a  sufficiently  low  rate  so  that  the  spin  fading  contribution  can  be 
recognized  and  subsequently  eliminated. 

Radiation  patterns  with  the  array  in  the  receive  mode  have  been  recorded  in  the  aircraft.  The 
groundstation  transmitted  a  constant  signal  to  the  satellite  and  monitored  the  satellite  output 
signal  so  that  the  recordings  made  in  the  aircraft  could  be  corrected  for  variations  in  satellite 
output  power. 

To  obtain  the  "azimuth"  radiation  patterna  a  full  turn  was  flown  in  approximately  12  minutes 
at  a  speed  of  about  160  knots.  The  bank-angle  was  kept  as  smsll  as  possible. 

Points  of  the  radiation  pattern  in  the  pitch-plane  were  measured  while  the  aircraft  climbed 
or  descended  at  a  constant  piteg  angle  during  half  a  minute.  During  these  manoeuvresothe  course 
was  kept  constant  at  234°  or  54  and  the  constant  pitch  angle  was  chosen  between  -15°  and  +15° • 
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In  the  transmit  mode,  a  constant  signal  was  generated  in  the  aircraft  and  transmitted  to  the 
satellite.  The  output  signal  from  the  satellite  repeater  was  recorded  at  the  groundstation.  At 
the  same  time,  heading  information  was  sent  from  the  aircraft  to  the  groundstation  via  a  liue-of- 
sight  VHF  link. 

Gain  measurements  have  been  carried  out  in  the  transmit  mode  for  the  two  endfire  beams .  The 
gain  was  determined  by  comparing  the  satellite  output  power  when  illuminated  by  both  a  known  up¬ 
link  signal  and  by  the  signal  from  the  array. 

Recording  equipment  in  the  aircraft  consisted  of  a  photopanel  recorder,  a  galvanometer 
recorder  and  an  x-y  recorder.  The  photopanel  recorder  was  used  mainly  for  registration  of  the 
flight  parameters  which  included  the  various  angles  that  fix  the  attitude  of  the  aircraft.  The 
galvanometer  recorder  registered  the  field  strength,  aircraft  heading,  time  and  beam  number. 

These  recordings  were  the  most  accurate  and  have  been  used  to  construct  the  radiation  pattern 
figures.  The  x-y  recorder  was  used  to  obtain  quick-look  information.  Correlation  between  the 
photopanel  and  galvanometer  recorders  was  obtained  by  time  synchronization. 

At^the  groundstation  information  was  recorded  on  x-y  recorders.  Again,  time  synchronization 
allowed  ^to  correlate  the  recordings  in  the  aircraft  and  the  groundstation. 

6.  RESULTS 

6.1.  Power  patterns  at  2L9  MHz  (Receive  mode) 

The  aircraft  heading  and  the  field  strength  were  input  simultaneously  in  the  x-y  recorder 
onboard  the  aircraft  in  order  to  have  an  immediate  check  on  the  (approximate)  correctness  of  the 
data.  Figures  3  and  k  contain  photographs  of  radiation  patterns  that  were  recorded  in  flight  by 
the  x-y  recorder.  Notice  the  pronounced  effect  of  the  satellite  spin  fading  on  the  patterns. 

The  patterns  recorded  during  level  flight  do  not  represent  the  directivity  of  the  antenna  in 
a  horizontal  plane.  Because  the  satellite  is  viewed  under  an  angle  of  18  ,  the  radiation  pattern 
is  measured  parallel  to  the  surface  of  a  cone  with  an  apex  angle  of  36°.  Figure  5  contains  an 
envelope  of  all  main  beams  recorded  in  level  flights  for  the  array  in  the  receive  mode  ana  hence 
gives  an  accurate  indication  of  the  coverage  of  the  antenna.  The  information  presented  in  figure 
5  has  been  recorded  on  the  galvanometer  recorder  during  a  number  of  flights. 

Figure  6  shows  the  power  pattern  ir.  the  vertical  symmetry  plane  (pitch  plane).  Pitch  angle 
information  was  obtained  from  the  photopanel  recorder ,  the  field  strength  from  the  galvanometer 
recorder.  Correlation  between  these  recordings  was  obtained  from  time  synchronization. 

6.2.  Power  patterns  at  302  MHz  (Transmit  mode) 

The  field  strength  measurements  were  recorded  on  an  x-y  recorder  at  the  groundstation.  The 
power  transmitted  from  the  aircraft  to  the  satellite  was  held  constant  at  50  Watt.  Heading  inform¬ 
ation  from  the  aircraft  was  transmitted  via  a  VHF  link  between  aircraft  and  groundstation.  The 
results  are  given  in  polar  form  in  figure  7  and  are  seen  to  be  similar  to  the  patterns  in  the 
receive  mode. 

No  data  were  taker,  of  the  transmit  power  pattern  in  the  pitch  plane  of  the  aircraft  because 
pitch  angle  information  could  not  readily  be  transmitted  over  the  VHF  link  to  the  groundstation. 

6.3.  Multipath  effects 

From  the  measurements  taken  during  rectilinear  flights  with  constant  climb  or  descent  rates 
some  conclusions  about  multipath  effects  can  be  drawn.  Figure  0  shows  photographs  of  the  galvano¬ 
meter  recordings  for  aircraft  pitch  angles  of  +10°  and  -10°  which  were  obtained  for  the  determin¬ 
ation  of  the  array  pitch  plane  patterns  in  the  receive  mode.  The  low  frequency  component  in  the 
field  strength  recording  is  caused  by  the  spin  fading  of  the  satellite  (in  thin  case  about  5  dB 
maximum).  The  high  frequency  component  in  the  signal  is  due  to  multipath  fading.  The  mechanism 
involved  is  as  follows. 


During  climb  or  descent  of  the  aircraft ,  its  height  above  the  ground  varies  and  thereby  the 
difference  between  the  path  lengths  of  the  direct  and  ground-reflected  rays  from  the  satellite  to 
the  aircraft.  Hence  the  phaue  difference  between  these  two  signals  will  vary  which  appears  on  the 
recording  as  an  amplitude  modulation  of  the  sum  signal.  The  beat  frequency  of  the  sum  of  the  two 
rays  will  be  (see  Figure  9) 

y 

f  ■  0,62  j  ein  a 

where  V  represents  the  aircraft  speed  and  a  the  pitch  angle. 


The  formula  shows  that  f  increases  with  sin  a.  This  effect  shews  clearly  on  the  left  hand  side 
of  figure  8  and  corresponds  to  the  transition  of  the  aircraft  from  horizontal  flight  to  a  10°  dive. 
The  dependence  cf  f  on  V  is  also  apparent  in  the  recording  because  during  climb  (dive)  with  con¬ 
stant  pitch  f  decreases  (increases)  with  V. 


Near  the  end  of  the  10°  climb, 
craft  speed  of  55  m/sec.  This  speed 
moment  hence  one  must  conclude  that 


the  beat  frequency  is  about  5  Hz  which  corresponds  to  an  air- 
(107  knots)  accorded  with  the  measured  aircraft  speed  at  that 
the  observed  effects  are  indeed  due  to  multipath  fading. 


The  amplitude  of  the  multipath  fading  depends  on  the  shape  of  the  antenna  radiation  pattern 
and  the  reflection  coefficient  of  the  earth.  For  a  dielectric  constant  between  5  and  20  (land), 
angle  of  inciaence  of  18°  and  vertical  polarization,  the  reflection  coefficient  will  be  less  than 
0.18  (Klinker,  F.  and  Pietersen,  1970).  This  value  corresponds  to  a  fading  of  3.2  dB  if 

the  radiation  pattern  doe6  not  discriminate  between  the  direct  and  the  reflected  ray.  The  maximum 
multipath  fading  observed  on  any  of  the  pitch  plane  pattern  recordings  was  about  2.5  dB. 

7.  CONCLUSION 

The  experimental  results  presented  in  this  paper  show  that  for  an  F-27  type  aircraft  a 
linear  array  of  8  blade  antennas  constitutes  a  feasible  sat  com  antenna  vhen  gains  of  about  10  dB 
are  required  at  elevation  angles  between  5°  and  30  . 

The  range  of  elevation  angles  is  somewhat  arbitrary  because  it  depends  on  the  particular 
blade  antennas  that  are  used.  However,  when  the  quoted  range  applies,  the  antenna  will  be  operat- 
able  in  about  1*1*  °/o  of  the  coverage  area  cf  the  geostationary  satellite.  Outside  this  area  the 
gain  of  the  antenna  will  not  suffice  to  allow  satcom  during  level  flight. 

The  measured  results  are  corroborated  by  the  experiences  gained  during  voice  communication 
tests.  It  has  been  observed  that  intelligible  communication  between  groundstation  and  aircraft 
could  be  maintained  during  le"el  flight  for  all  aircraft  headings. 
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Figure  7>  Composite  power  pattern  of  the  array  in  the  tranemit  mode. 


R.  REITZIO:  For  aircraft  satellite  oommunlcatioatlon  one  usually  employs  circular 
polarization.**  Your  blade  antenna,  however,  uses  linear  polarization  which  incorporates 
a  3 dB  gain  loss.  What  are  the  particular  advantages  of  your  blade  radiators? 

Q.B.  PIETERSEN;  The  main  reason  for  use  of  the  vertical  polarized  blades  was  the 
commercial  availability  of  these  radiators.  Further,  the  maximum  directivity  of  the 
blade  on  top  of  the  aircraft  is  just  in  the  direction  of  the  satellite  (about  18  degrees 
elevation  angle,  looking  from  Western  Europe)  The  positioning  of  circular  polarized 
elements  (e. g.  crossed  slots),  with  the  full  advantage  of  3dB  more  gain  should  require 
two  linear  arrays  at  both  sides  of  the  aircraft. 
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SUMMARY 

Ajj  ultra-high  frequency  phased  array  antenna  has  been  developed  at  the  Communications  Research 
Centre  (CRC)  and  test  flown  on  a  Canadian  Forces  C-47  Dakota  and  a  C-130  Hercules.  Successful  voice  com¬ 
munications  were  achieved  with  the  aircraft  terminals  via  the  Lincoln  Experimental  Satellite  LES-6  at 
300  MHz.  The  prototype  antenna  system  consists  of  nine  blade  antenna  elements  mounted  along  the  top  of 
the  aircraft  fuselage.  The  antenna  is  electronically  scanned  and  generates  a  series  of  symmetrical  coni¬ 
cal  fan  beams.  The  electronics  necessary  to  control  the  array  scan  are  relatively  simple  because  of  the 
single  dimension  of  the  array  and  the  insensitivity  of  the  patterns  to  large  phase  errors  at  each  element. 
This  paper  describes  the  techniques  used  to  construct  the  phased  array,  and  some  of  the  test  results  ob¬ 
tained.  Two  methods  developed  to  provide  automatic  tracking  for  the  array  are  also  described. 

CRC  has  sponsored  contracts  with  the  Canadian  Marconi  Co.  to  adapt  the  phased  array  design  for 
operation  at  1500  MHz.  Results  of  the  experimental  hardware  development  foi  this  antenna  system  are  dis¬ 
cussed.  It  is  intended  that  this  antenna  system  will  satisfy  the  communication  and  position-determination 
requirements  of  aeronautical  satellite  systems. 

1.  INTRODUCTION 

In  the  design  of  satellite  systems  for  aeronautical  applications,  tbe  gain  of  the  mobile 
station  antenna  is  an  important  variable  used  in  performing  studies  of  cost  effectiveness.  Increasing  the 
antenna  gain  of  a  station  allows  the  system  designer  to  allocate  the  available  satellite  power  either  to 
support  more  communications  services  or  to  improve  tbe  quality  of  these  service3. 

However,  satellite  communication  antennas  on-board  aircraft  pose  a  serious  design  problem.  The 
provision  of  an  aircraft  antenna  with  gain  higher  than  that  of  an  omnidirectional  antenna  introduces  pro¬ 
blems  involving  the  optimization  of  gain,  coverage,  and  multipath  rejection.  Because  of  these  difficult¬ 
ies,  a  major  concern  in  aeronautical  satellite  system  design  is  the  development  end  evaluation  of  suitable 
antennas  for  aircraft.  The  selected  antenna  system  should  be  economical,  reliable,  and  easily  installed. 

This  paper  describes  the  initial  design  and  development  of  a  linear  phased  array  undertaken  at 
CRC  in  the  period  1968-1972.  It  also  describes  contract  work  which  is  presently  being  carried  out  by  the 
Canadian  Marconi  Co.  to  adapt  this  array  for  operation  near  1500  MHz.  The  latter  development  is  expected 
to  result  in  an  antenna  system  capable  of  satisfying  the  communication  and  position-determination  require¬ 
ments  for  proposed  aeronautical  applications. 

2.  StlECTION  OF  AN  ANTENNA 

Many  different  types  of  antennas  have  been  proposed  (References  1-4)  for  airborne  use  with 
satellites  but  basically  they  fall  in  one  of  two  groups: 

a)  Low-Gain  Antennas  (0-4  dB) 

Three  or  more  omnidirectional  antennas  are  installed  in  advantageous  locations  on  the  air¬ 
craft  fuselage,  (e.g.,  one  top-mounted  and  two  side-mounted)  .  The  use  of  multiple  antennas 
partially  overcomes  the  gaps  in  coverage  experienced  with  a  single-location  omnidirectional 
antenna. 

b)  Hi«h-Galn  Antennas  (8-10  dB) 

Proposals  to  achieve  these  gains  involve  the  use  of  linear  and  planar  phased  arrays, 
either  in  eingle  or  multiple-location  installations  on  the  aircraft. 

The  airborne  antqpna  development  program  at  the  Communications  Research  Centre  has  been  con¬ 
cerned  with  UHF  antenna  design  in  the  high-gain  category.  A  phased  array  was  chosen  for  the  development 
p-ogram  because  it  has  ?;wo  unique  advantages  over  other  antennas: 

1)  It  1b  composed  of  small,  mechanically  simple,  streamlined  elements  which  can  be  located 
with  some  flexibility  on  the  aircraft  fuselage.  This  feature  is  particularly  useful 
since  specific  fuselage  structures  tend  to  11  nit  the  available  positions  for  antenna 
mounting. 

2)  High-speed,  electronic  beam  steering  can  be  used,  since  there  are  no  mechanical  time 
constants  to  restrict  the  rate  of  scan. 

A  linear  phased  array  was  selected  because  it  has  several  advantages  over  more  complex,  multi¬ 
dimensional  arrays.  For  example: 

1)  The  single  dimension  of  the  array  results  in  considerable  simplification  of  the  electronics 
required  to  control  the  array. 
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2)  The  rotational  symmetry  of  the  patterns  about  the  aircraft  fore-and-aft  axis  means  that 
aircraft  roll  will  not  affect  the  beam  position  required  to  access  the  satellite.  Hence, 
any  automatic  tracking  system  for  the  phased  array  need  consider  only  aircraft  pitch  and 
yaw. 

3)  The  array  patterns  end  gain  are  relatively  insensitive  to  phase  errors  at  each  element 
of  the  array.  This  permits  use  of  a  simplified  two-bit  phase  shifter. 

3.  300  MHz  PROTOTYPE  ARRAY 

3.1  Design  Considerations 

The  antenna  patterns  for  a  linear  array  of  isotropic  elements  were  initially  predicted  with  the 
aid  of  a  computer  in  order  to  study  the  effects  of  parameter  changes.  The  predicted  patterns  were  shown 
to  have  rotational  symmetry  about  the  array  axis  (Fig.  1)  so  that  the  beams  formed  sections  of  cones. 

Thus  one  parameter,  the  cone  angle,  completely  specified  a  beam  direction  with  respect  to  the  aircraft. 

The  patterns  shown  were  calculated  for  a  linear  array  of  isotropic  elements.  The  use  of  non-isotropic 
elements  (e.g.,  blades)  modifies  the  amplitude  of  the  patterns,  but  the  desired  beam  directions  remain 
the  some. 


The  thickness  or  angular  width  of  these  cones  varies  from  AO  along  the  axis  of  tae  array  to 
9°  in  the  broadside  direction,  measured  to  the  -1.5  dB  points.  It  was  determined  that  the  entire 
azimuth-elevation  hemisphere  could  be  scanned  with  27  different  beam  directions  (or  cone  angles)  assuming 
overlap  at  the  1.5  dB  points  for  adjacent  beam  lobes.  It  was  further  determined  that  the  scan  require¬ 
ments  could  still  be  achieved  using  90°  phase  quantization  at  each  element  instead  of  a  unique  phase  shift 
for  each  beam  direction.  These  simplifications  result  in  a  considerable  reduction  in  the  complexity  of 
the  array  electronics. 

The  actual  array  was  constructed  using  nine  standard  UHK  monopole  Blade  antennas  mounted  near 
the  top  centerline  of  the  aircraft  fuselage  (Fig.  2).  The  blades  were  spaced  at  approximately  half¬ 
wavelength  Intervals,  so  that,  at  ?00  MHz,  the  total  array  length  was  about  five  metres.  As  shown  in 
Fig.  3,  the  blades  are  connected  to  a  Phased  Array  Driver  (PAD),  which  contains  the  phase  shifters  and 
logic  required  to  steer  the  antenna.  Pointing  direct-ions  for  the  antenna  are  fed  to  the  PAD  from  a  Phased 
Array  Tracker  (PAT),  which  contains  electronics  for  automatically  steering  the  array  as  the  aircraft 
manoeuvers . 

3.2  Phased  Array  Driver 

The  PAD  unit  controls  the  electrical  phase  of  the  signals  propagating  to  and  from  the  antenna 
elements.  As  shown  In  Fig.  A,  It  contains  phase  shifters,  a  power  divider/corabiner,  arid  associated 
digital  control  circuits. 

Each  of  the  antenna  elements  Is  connected  to  the  PAD  with  an  equal  length  of  coaxial  cable. 

The  center  element  in  the  array  is  considered  to  be  the  reference  element,  and  the  other  eight  are  equipped 
with  phase  shifters.  The  signal  at  each  of  the  elements  is  capable  of  being  independently  phased  at  0°, 
±90°  and  180°  with  respect  to  the  signal  at  the  reference  element.  This  quadrature  phase  shifting  is 
achieved  by  means  of  four-position  PIN  diode  switches  which  are  in  turn  controlled  by  digital-driver 
circuitry  and  a  phase-selector  matrix.  The  selector  matrix  decodes  a  desired  antenna  direction  into  a 
sec  of  positions  for  the  phase  switches.  The  resulting  phase  shifts  at  the  individual  elements  have  the 
effect  of  reinforcing  an  in-phase  signal  in  the  desired  beam  direction. 

Pointing  directions  for  the  antenna  are  fed  to  the  selector  matrix  from  a  control  unit  which 
Is  located  at  the  operator's  position.  When  controlling  the  antenna  manually,  the  operator  must  know 
both  the  aircraft  heading  and  the  satellite  position  in  order  that  he  can  select  the  array  beam  which 
will  access  the  Satellite. 


In  its  prototype  form,  the  PAD  is  not  capable  of  simultaneous  phasing  for  both  transmit  and 
receive  signals,  which  have  a  50  MHz  frequency  separation. 


3.3  Phased  Array  Tracking 


There  are  several  automatic  beam  steering  techniques  which  can  be  employed  with  an  airborne 
phased  array.  These  Include: 

1.  Direct  tracking  from  the  aircraft  navigational  instruments.  The  tracker  must  be  updated 
with  satellite  position  every  few  degrees  of  aircraft  position  change. 

2.  Scan-tracking  over  array  beam  positions.  A  full  or  partial  scan  is  triggered  by  a  preset 
signal  strength  threshold  and  programmed  to  select  the  beam  producing  the  maximum  signal 
strength . 


3.  Scan-tracking  over  all  possible  phase  combinations  of  the  elements.  This  is  the  ex¬ 
haustive  search  technique  and  would  suffer  from  time  limitations. 


A.  Hill  climbing  on  the  received  signal  strength  by  adaptive  adlustment  of  array  phasing. 


Initially,  the  first  of  these  tracking  techniques  was  implemented.  A  system  was  developed 
which  accepted  .',1611116  azimuth  and  elevation  inputs  from  the  operator  and  ised  the  aircraft  gyrosyn 
compass  system  to  steer  the  antenna  automatically  as  the  aircraft  manoeuverri. 


As  shown  in  Fig.  5,  the  three-phase  signal  from  the  aircraf  cvrapass  system  passed  through  a 
synchro-differential  transformer  which  subtracted  satellite  azimuth  fi.m  aircraft  heading  to  determine 
the  required  beam-azimutl  or  the  antenna.  The  resulting  information  ./as  converted  to  a  seven  bit 
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digical.  signal,  and  gated  into  one  of  a  aeries  of  beam-selector  matrices  by  the  elevation  control.  The 
beam-selector  matrix  used  the  beam-azimuth  signal  to  select  the  correct  antenna  beam  number  for  the  phased 
array  driver. 

The  major  limitation  with  this  tracking  method  was  that  operator  input  was  needed  to  orient  the 
antenna  before  communications  could  take  place.  Clearly,  a  ”hands-oft"  beam  pointing  scheme  was  required 
which  would  simplify  the  operation  of  the  airborne  terminal,  making  it  a  "push-to-talk"  radio  like  the 
other  systems  in  the  aircraft. 

A  second  tracking  method,  the  "scanning"  tracker,  was  therefore  selected  for  evaluation.  It 
was  designed  to  maintain  satellite  acquisition  by  periodically  searching  through  all  antenna  positions 
for  the  one  which  provided  maximum  received  signal  strength.  One  complete  search  required  250  ms  when 
operated  with  a  beacon  i.  celver  having  an  integration  time  constant  of  6  ms.  This  results  in  a  break  in 
voice  communications  of  approximately  one  syllable  each  time  a  search  took  place. 

Figure  6  Is  a  block  diagram  of  the  scanning  tracker.  The  Central  Processing  Unit  (CPU)  is 
essentially  a  hard-wired,  64  instruction  computer  and  is  responsible  for  all  timing  and  sequencing  events. 

A  description  of  the  operating  sequence  follows:  A  scan  is  initiated  by  the  control  unit.  The  CPU  re¬ 
sponds  by  forcing  the  array  driver  and  the  radio  equipment  into  the  receive  mode.  It  then  begins  to 
steer  the  array  beam  sequentially  through  the  entire  hemisphere,  pausing  on  each  beam  position  long  enough 
to  store  the  received  beacon  level  into  an  analog  memory  unit  for  that  particular  beam.  The  CPU  then 
sweeps  the  D/A  converter  output  downward  until  at  least  one  of  the  analog  comparators  senses  a  match 
with  Its  analog  memory  unit  output.  This  is  the  signal  for  the  CPU  to  discontinue  the  D/A  scan,  adjust 
the  gating  circuits,  and  poll  the  comparators.  When  the  appropriate  comparator  number  has  been  identified, 
i-he  gating  circuits  are  again  adjusted  to  allow  the  selected  number  to  be  passed  on  to  the  PAD  as  the 
selected  beam.  The  CPU  then  releases  the  array  driver  and  radio  equipment  from  the  forced  receive  mode 
and  returns  to  standby,  awaiting  another  trigger  from  the  control  unit  or  the  search  mode  control  logic. 

The  scanning  tracker  and  the  compass-input  tracker  were  designed  to  be  easily  interchangeable. 
They  use  the  same  cabling  and  the  same  power  source  in  the  aircraft. 

3.4  Performance  of  the  Prototype  Array 

A  number  of  test  flights  were  conducted  in  the  period  1968  to  1971  to  determine  the  extent  of 
agreement  between  theoretical  and  actual  array  patterns.  The  measured  data  from  the  tests  were  used  to 
make  up  more  accurate  antenna  pointing  charts  and  to  adjust  the  automatic  tracking  devices  used  with  the 
antenna  system.  Two  installations  were  evaluated;  one  on  a  C-47  aircraft,  and  the  other  on  a  C-130  aircraft. 

Figure  7  shows  a  typical  plot  of  a  measured  array  beam  pattern  compared  with  the  theoretical 
plot  calculated  for  an  array  of  Isotropic  elements.  The  greater  gain  of  the  measured  pattern  is  due  to 
the  non-isotropic  nature  ot  the  blades  which  form  the  array  elements. 

Figure  8  is  an  overlay  of  the  plots  of  theoretical  array  coverage  for  all  directions  from  the 
aircraft,  at  30°  elevation.  The  variation  in  tho  width  of  the  beams  from  the  broadside  to  the  for-and-aft 
axis  can  be  observed.  A  corresponding  plot  of  measured  patterns  for  the  C-47  Installation  is  shown  in 
Fig.  9.  Using  the  9h  dB  gain  circle  as  a  reference,  this  composite  plot  for  the  C-47  shows  no  significant 
null  for  any  beam  azimuth.  Figure  10  is  a  composite  plot  of  measured  patterns  for  the  C-130  Installation. 

A  noticeable  devradation  la  evident  toward  the  rear  of  the  aircraft,  and  it  is  accounted  for  by  the  high 
wing  and  pronounced  vertical  stabilizer  of  the  C-130.  A  five  degree  error  in  pointing  accuracy  is  esti¬ 
mated  for  the  measurements  due  to  the  effects  cf  compass  system  inaccuracies. 

During  the  test  and  demonstration  phase  of  this  antenna  development  program,  both  the  C-47  and 
C-130  terminals  participated  In  a  variety  of  missions.  Successful  communications  from  the  aircraft  were 
maintained  during  flights  over  the  Canadian  Arctic,  the  North  Atlantic  and  South  America.  Aircraft-to- 
alrcraft  voice  communications  via  satellite  were  also  demonstrated.  The  C-130  participated  In  a  multi¬ 
terminal  demonstration  to  the  NATO  Communications  and  Electronics  Board  in  Brussels,  September  1970. 

3.5  S'lmmary  of  the  300  MHz  Prototype  Array 

The  significant  characteristics  of  the  array  are  summarized  in  Table  1. 


TABLE  i 

300  Mhz  Array  Characteristics 


Number  of  antenna  elements: 

9 

Nominal  Gain: 

9.5  dB 

over  circularly 
isotropic 

polarized 

System  Operating  Frequency: 

Tx  300 

MHz 

Rx  250  MHz 

Phased  Array  Driver: 

Size: 

19  cm  x  19  cm  x 

30  cm 

Weight : 

:  11  Kg 

Phased  Array  Tracker: 

Size: 

19  cm  x  i9  cm  x 

30  cm 

Weight : 

:  11  Kg 

Ail  control  of  the  phased  array  antenna  oystem  and  associated  radio  equipment  is  accomplished 
by  compact  control  units  installed  on  the  flight  deck.  All  other  functional  equipment  is  installed  as 
near  as  possible  to  the  antenna  array. 


rwr, VI J*". i ‘ 
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Figure  11  illustrates  a  typical  configuration  of  the  complete  set  of  phased  array  electronics. 
The  tracking  unit  shown  uses  a  compass  system  input.  Interconnections  between  the  units  are  normally 
made  through  a  wiring  harness  Installed  in  the  aircraft.  Antenna  connections  are  made  to  the  RF  connect¬ 
ors  shown  on  the  phased  array  driver  unit. 

4.  L-BAND  PHASED  ARRAY  DEVELOPMENT 

CRC,  in  cooperation  with  the  Ministry  of  Transport  and  the  Department  of  Industry  Trade  and 
Commerce,  has  sponsored  contracts  with  the  Canadian  Marconi  Company  to  develop  a  linear  phased  array  for 
L-8and  frequencies.  The  L-Band  array  will  be  a  candidate  antenna  for  use  with  the  proposed  international 
aeronautical  satellite  system.  It  will  operate  in  the  frequency  bano.  1540  to  1660  MHz,  and  is  an  exten¬ 
sion  of  the  original  300  MHz  array  developed  by  CRC.  The  factor  of  five  increase  in  frequency  allows  a 
radically  different  physical  design  of  the  system  from  that  described  for  operation  at  300  MHz. 

4.1  L-Band  Antenna  Structure 

An  outline  of  the  antenna  structure  is  shown  in  Fig.  12.  There  are  three  connectors  u.ied  on 
the  antenna  unit:  an  RF  array  input  connector,  an  RF  single  element  connection,  and  a  multi-pin 
connector  for  the  diode  switch  drivers.  These  connectors  must  pass  through  the  surface  of  the  fuselage. 
The  unit  is  attached  using  16  mounting  screws  which  fasten  to  a  base  plate  mounted  on  the  aircraft  fuse¬ 
lage.  Each  clement  within  the  radome  area  will  he  structurally  independent,  removing  the  need  to  have 
any  "fill"  material  under  the  radome. 

Figure  13  shows  the  array  unit  with  the  radome  removed.  Each  element  contains  its  own  phase 
shifter  network,  and  is  fed  by  a  microstrip  board  which  combines  the  functions  of  the  RF  power  divider 
and  power  distribution  network.  The  individual  phase  shift  modules  also  contain  the  power-splitting  end 
balun  functions  for  the  radiating  elements. 

4.2  Phase  Shifter 

There  are  several  ways  in  which  PIN  diodes  may  be  used  to  switch  phase  between  discrete  states. 
A  hybrid  technique  is  employed  which  obtains  a  transmission  phase  shift  by  the  transformation  of  a  re¬ 
flection  phase  shift  through  a  3  dB  coupler.  Two  such  shifters  are  required  in  cascade.  The  microstrip 
layout  for  the  cascaded  phase  shifters  and  balun  transformer  is  shown  in  Fig.  14.  The  main  advantage  of 
this  approach  is  that  only  four  PIN  diodes  are  required  to  achieve  the  four  phase  states.  The  trans¬ 
mission  medium  for  the  phase  shifter  is  a  high  dielectric-constant  microstrip. 

4.3  Power  Splitter 

The  basic  requirement  for  the  feed  is  to  divide  the  power  9  ways  equally  in  amplitude  and  phase. 
It  must  also,  however,  provide  isolation  among  the  elements  to  ensure  reasonably  accurate  power  splitting, 
since  small  differences  in  impedance  among  the  elements  can  cause  serious  power  division  errors  resulting 
in  pattern  distortion.  The  power  splitter  selected  has  an  Isolated  corporate  feed  with  one  isolated 
1/9  -  8/9  Wilkinson  power  divider  for  the  center  element  and  seven  2-way  Wilkinson  isolated  power  dividers 
for  the  remaining  elements.  Figure  15  shows  a  schematic  of  this  circuit.  The  power  splitter  is  con¬ 
tained  in  the  base  unit  of  the  antenna  structure. 

4.4  The  Radiating  Element 

Table  2  details  some  of  the  performance  criteria  involved  in  the  design  of  a  radiating  element. 


TABLE  2 

Desirable  Electrical  Requirements  of  a  Radiating  Element 


(a)  Maximization  of  gain  at  elevation  angles  greater  than  10  degrees. 

(b)  Minimization  of  gain  at  elevation  angles  less  than  10  degrees,  to 
reduce  multipath  effects. 

(c)  Right-hand-circular  polarization  for  all  elevation  angles  greater 
than  0  degrees. 

(d)  Input  reflection  coefficient  of  -20  dB  or  better. 

(e)  Negligible  mutual  coupling  (-30  dB)  between  elements. 


A  cross-drooping-dlpole  element  has  been  designed  that  approximates  the  requirements  of  Table 
2,  Figure  16  shows  the  type  of  pattern  which  con  be  achieved  with  this  element.  Note  Chat  this  is  a 
plot  of  directivity  as  measured  by  a  circularly-polarizeo  receiving  antenna.  This  element  has  an  accept- 
aole  circularity  (axial  ratio  <b  dB)  except  at  the  45  degree  elevation  angle  direction  where  the  axial 
ratio  deteriorates  to  greater  than  12  dB.  Since  this  direction  corresponds  Co  a  pattern  maximum,  the  loss 
due  to  non-circularity  is  not  important. 

Figure  1?  shows  a  prototype  phase  shifter  and  radiating  element.  Bused  on  work  to  date,  the 
design  parameters  for  the  array  unit  are  given  in  Table  3. 


TABLE  3 


Design  Goal  for  the  Aerosat  L-Bard  Aircraft  Antenna  Unit 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


* 


Centre  Frequency: 
Bandwidth: 

Gain,  Nominal*: 

Gain,  Min  over  i80° 
from  Vertical: 

Receive  Noise  Factor: 
Power,  Max: 

Input  Impedance: 

VSWR: 

Dimensions: 

Weight: 

Cross-section  Profile: 

MTBF  (calculated  use 
factor  4): 


1.6  GHz 
+60  MHz 
10  dB 

6.2  dB 

1.3  dB 
200W 

50  ohms 
1.5:1 

Length  100  cm  x  height  10  cm  x 
width  11.5  cm  (less  mounting  flange) 

5.7  kg 

77  sq.  cm  (less  mounting  flange) 
22,000  hours  operating 


Includes  losses  due  to  phase  and  beam  quantization,  sidelobe 
radiation,  lobe  degradation,  PIN  diode  series  resistance  losses, 
and  element  Interaction  losses. 


5.  CONCLUSIONS 


The  experience  gained  with  the  300  MHz  array  development  suggests  that  a  linear  phased  array  is 
easier  to  mount  and,  because  of  its  simplicity,  is  potentially  more  reliable  than  other  high-gain  airborne 
antenna  systems.  The  simple  external  mounting  arrangement  for  the  L-3and  array  module,  in  particular, 
means  that  its  installation  on  existing  aircraft  will  not  be  a  serious  problem.  A  preliminary  estimate 
of  $4000.00  has  been  quoted  as  the  cost  of  the  L-Band  array,  complete  with  the  necessary  electronics. 

This  is  expected  to  compare  favorably  with  the  cost  of  other  proposed  antenna  systems. 
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Fig. 6  Scanning  phased  array  tracker 


Fig.8  Composite  theoretical  beam  pattern  for  30°elev.  at  RX  treq. 
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Fig.9  Composite  measured  beam  patterns  for  30°  elev.  at  Rx.  freq.  (C-47  installation) 
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Fig.  13  Detailed  schematic  of  L-bar.d  array  showing  phase  shifter  units  and  radiating  elements. 
Diagram  supplied  by  Canadian  Marconi  Co. 


Fig.  1 4  Microstrip  layout  for  phased  shifter  and  Baiun  transformer  as  proposed  by 

Canadian  Marconi  Co. 
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A  COMPARISON  OF  TWO  L-BAND  AIRCRAFT  ANTENNAS  FOR 
AERONAUTICAL  SATELLITE  APPLICATIONS 

Robert  G.  Bland  and  John  M.  Clarke 
Department  of  Transportation 
Transportation  Systems  Center 
Cambridge,  Massachusetts  02142 
U.S.A. 

ABSTRACT 


A  comparison  is  made  of  the  measured  performance  characteristics  of  two  circularly 
polarized  flush  mounted  L-band  (1535-1660  MHz)  aircraft  antennas  for  aeronautical  satellite 
applications.  In  order  to  facilitate  radiation  pattern  measurements,  the  previously 
validated  technique  of  using  a  scale  model  aircraft  antenna  was  employed.  One  of  the 
candidate  antennas  under  comparison  is  a  cavity  backed  dipole  fed  slot  configuration. 
Measurements  were  conducted  on  a  l/10th  scale  model  of  a  Convair  880  aircraft.  The 
other  antenna  is  an  orthogonal-mode  crossed- slot  configuration.  In  this  case  measurements 
were  conducted  on  a  l/20th  scale  model  of  a  Beoing  707  aircraft  which  is  almosr  identical 
in  size  to  the  Convair  880.  The  basic  requirements  of  this  class  of  antenna  are  to 
provide  moderate  gain  of  +4  dB  above  istropic  at  L-band  over  the  upper  hemispheric  region 
of  the  aircraft.  Furthermore,  there  should  be  a  sharp  cutoff  at  the  horizon  with  a 
minimum  of  gain  in  the  lower  hemisphere  to  enhance  multipath  signal  rejection.  fhe  paper 
also  discusses  the  results  of  a  diversity  combination  techniques  study  for  the  two 
antennas  under  comparison.  This  study  considers  a  switched  mu’tiple  element  system  in 
which  various  fuselage  placement  and  combination  arrangements  of  elements  are  evaluated 
in  order  to  meet  the  objectives  stated. 

1.  INTRODUCTION 

The  performance  characteristics  of  two  different  types  of  circularly  polarized 
flush  mounted  L-band  (1535-1660  MHz)  aircraft  antennas  are  compared.  This  effort  was 
directed  to  the  evaluation  of  low  cost  aircraft  antennas  providing  hemispheric  coverage 
with  a  smooth  radiation  pattern  and  a  sharp  decrease  in  gazn  outside  the  desired  coverage 
region.  From  a  literature  search,  two  candidate  antenna  designs  were  selected  for 
evaluation.  These  are:  the  cavity  backed  dipole  fed  slot  antenna  developed  by  the 
Diamond  Antenna  and  Microwave  Corporation  (DICO)  and  the  orthogonal  -  mode  crossed-slot 
antenna  developed  by  the  Boeing  Company  Scale  model  antenna  radiation  pattern  test 
programs  were  conducted  for  each  of  these  antennas.  The  techniques  of  using  scale 
model  antennas  and  a  scale  model  of  the  vehicle  to  obtain  pattern  data  had  previously 
been  validated  on  aircraft  and  missle  programs. 

In  any  antenna  system,  the  local  effects  of  the  aircraft  structure  mav  cause  pattern 
nulls  which  degrade  signals  in  a  communication  link.  The  effects  of  signal  fading  due 
to  earth  and  sea  surface  reflections  (multipath)  are  also  a  function  of  the  antenna 
gain  pattern  and  polarization.  Therefore,  by  careful  design  of  the  antenna  and  its 
location  on  the  aircraft,  the  communications  link  performance  can  be  greatly  improved 
in  the  region  of  interest.  These  antennas  have  possible  applications,  either  as  a 
single  element  or  a  switched  multiple  element  system,  in  an  aircraft  to  satellite 
communications  system  such  as  the  AEROSAT  system. 

The  Airplane  Coordinate  System  used  for  all  pattern  descriptions  is  shown  in  Figure 

1.  0  and  0  are  defined  as  follows: 

0-  Elevation  angle  in  a  standard  spherical  coordinate  system  measured  from  0  degrees 
(zenith,  directly  above  aircraft)  to  180  degrees  (nadir). 

0“  Azimuth  angle  in  the  equatorial  plane  of  the  standard  spherical  coordinate  system. 

0  varies  from  0  to  360  degrees.  For  conical  cut:  0  is  projected  into  the  equatorial 
plane. 

Full  size  flight  models  of  each  of  these  antennas  were  used  in  actual  flight  tests  to 
evaluate  aircraft  communications  techniques,  and  these  antennas  we"e  flush  mounted.  The 
-avity  backed  dipole  antennas  were  low  power  units  designed  for  receiving  Right  Hand 
.ular  polarized  signals.  The  crossed  slot  antennas  were  designed  for  both  receive 
transmit  (500  watts  RF)  modes;  and  provided  terminals  for  both  Right  Hand  Circular 
aim  Left  Hand  Circular  polarization  with  polarization  selection  by  external  coaxial 
switching. 

2.  OBJECTIVES 

The  basic  requirements  of  this  class  of  antenna  are  to  provide  moderate  gain  of  +4  dB 
above  istotropic  at  the  L-tiand  frequencies  (1535-1600  MHz)  over  the  upper  hemisphere  of 
the  aircraft  with  relatively  small  gain  variations  in  this  coverage  region.  The  antenna 
should  provide  circular  polarization  with  a  high  degree  of  circularity  over  tha  widest 
possible  cone  around  zenith.  Furthermore,  there  should  be  a  sharp  cutoff  of  lOdB  in  gain 
from  9  *  80°  to  8  -  100°,  with  a  minimum  of  gain  below  the  aircraft  to  provide  rejection 
of  multipath  signals.  This  antenna  would  operate  in  aircraft  to  satellite  communications 
systems.  A  low  cost,  rugged,  reliable  unit  requiring  no  routine  maintenance  was  required. 


21-2 


These  performance  objectives  may  be  satisfied  by  a  single  element  or  several  (2  to  4) 
elements  spaced  around  the  aircraft  body  employing  simple  switching  for  selecting  the 
antenna  receiving  the  maximum  signal. 

The  data  presented  in  this  paper  pertains  to  the  performance  characteristics  of  single 
elements,  of  each  of  the  two  designs,  located  at  several  places  on  the  aircraft  fuselage 
as  illustrated  by  Figure  2.  The  influence  of  the  aircraft  surfaces,  wings  and  stabilizers 
on  the  antenna  patterns  is  indicated  in  the  pattern  plots.  From  this  data,  the  feasibility 
of  a  simple,  switched  multiple  element  system  can  be  determined, 

Theory  and  Design 

Cavity  Backed  Dipole  Fed  Slot  Antenna 

The  cavity  backed  dipole  fed  slot  antenna  provides  circular  polarization  to  be  realized 
in  a  rectangualr  slot  by  exciting  a  tilted  dipole  in  the  plane  of  the  aperature  of  a 
cavity  backed  parasitic  slot.  This  antenna  produces  an  elliptical  shaped  pattern  over  the 
desired  coverage  region.  A  more  directive  pattern  can  be  obtained  by  orienting  the  long 
dimension  of  the  slot  orthogonal  to  the  longitudinal  (roll)  axis  of  the  aircraft,  rather 
than  normal  to  this  axis. 

The  theory  of  operation  of  a  circularly  polarized  slot  antenna  is  described  by  Wilkinson^. 
An  antenna  design  is  discussed  which  allows  circular  polarization  to  be  realized  in  a 
rectangular  slot  by  placing  a  titled  parasitic  dipole  in  the  plane  of  the  aperature.  In 
addition,  a  reactive  stub  is  connected  at  right  angles  to  the  dipole.  This  arrangement 
enables  circular  polarization  to  be  realized  without  the  complexity  of-  90°  phase  shifters 
and  2:1  power  dividers  in  the  antenna  feed  system.  It  was  also  shown  that  for  UHF 
applications  it  was  simpler  to  excite  the  dipole  with  the  slot  acting  as  the  parasitic 
element.  In  this  case  the  slot  is  backed  up  by  a  cavity  which  shunts  a  reactance  across 
the  aperature  to  correspond  to  the  reactive  stub  employed  with  the  parasitic  dipole  case. 
This  latter  configuration  is  employed  in  the  DICO  antenna  configuration  tested,  and  is 
illustrated  by  Figure  3.  Theoretically  either  the  slot  or  dipole  may  be  used  as  the 
parasitic  element. 

Equations  have_been  derived  and  combined  to  give  the  ratio  of  vertical  to  horizontal 
field  vectors_Ey/Ex  along  the  axis  normal  to  the  radiating  slot  aperature.  The  magnitude 
of  the  ratio  Ey/Ex  for  orthogonal  axial  fields,  and  also  the  phase  angle  0  of  Ey/Ex 
between  orthogonal  axial  fields  for  the  sloe  dipole  antenna  are  theoretically  related  to 
the  dipole  tilt  angle  4*  with  reference  to  Figure  3  for  different  values  of  Xo ,  the 
reactance  of  dipole  plus  termination.  The  resistance  Ro  of  the  dipole  in  the  presence 
of  the  slot  is  also  a  function  of  T  and  using  measured  values  of  Ro  at  specific  normalized 
frequencies  for  which  the  dipole  is  A/2 ,  the  magnitude  and  phase  angle  of  Ey/Ex  can  be 
calculated  ahd1  plotted  as  a  function  of  the  tilt  angle  V. 

NOTE:  The  ratio  Ey/Ex  can  be  interpreted  as  the  ratio  of  the  field  components  EO/E0 

for  a  top  center  mounted  antenna  indicated  on  the  coordinate  system  Figure  1. 

The  conditions  for  circular  polarization  are: 


depending  upon  whether  right-hand  or  left-hand  circular  polarization  is  employed. 

For  a  circularly  polarized  system,  the  multipath  rejection  is  maximized  by  an  aircraft 
antenna  pattern  that  is  nearly  circularly  polarized  for  the  direct  path  and  has  a  high 
axial  ratio  for  thg  ref lected -wave  path.  The  axial  ratio  of  the  generalized  polarization 
ellipse  is  defined^  as  the  ratio  of  the  seroimajor  axis  to  the  semiminor  axis  for  the 
polarization  ellipse,  (Circular  polarization  is  one  particular  case  of  elliptical 
polarization).  The  design  and  performance  criteria  also  had  to  consider  installation  of 
the  antenna  element  in  a  region  relatively  rree  from  shadowing  by  the  wings  and  stabilizers, 
namely  on  the  dorsal  region  of  the  fuselage,  with  the  radiating  aperature  pointed  towards 
zenith. 

Based  upon  the  previously  defined  objectives,  another  criteria  which  resulted  in  the  sel¬ 
ection  of  this  antenna  element  is  the  gross  effect  on  the  pattern  of  a  flush  mounted 

antenna  due  to  the  curvature  of  a  cylindrical  conducting  body.  In  this  case,  we  are 

concerned  with  the  curvature  of  the  aircraft  fuselage  which  is  effectively  a  curved  ground 

plane.  The  curvature  of  the  aircraft  fuselage  was  determined  from  c=ka=2ira/ Awhere 
k  =  2 rr / A ,  u  =  cylinder  radius  and  A  =  wavelength  at  the  operating  frequency.  In  this 
equation,  c  is  the  circumference  in  wavelengths,  and  for  the  Convair  880,  c  =  61.5. 

The  equa.'rial  plane  radiation  fields  produced  by  a  sinusoidal  distribution  of  axial 
eletric  Jield  on  a  metallic  cylinder  of  radius  (a)  have  been  calculated  by  Knop  and 
Battista  .  Radiation  patterns  in  this  plane  are  plotted  (Figure  4)  for  cylinder  size 
from  1  <_  c  £  30.  From  these  patterns  it  can  be  seer  that  as  the  cylinder  size  increases 
the  patterns  sharpen,  and  in  the  limit  of  infinite  cylinder  radius  (a)  the  patterns 
approach  that  from  a  slot  on  an  infinite  plane.  For  cylinders  of  size  c  >_  30,  which 
includes  nil  large  commercial  aircraft,  the  patterns  are  identical  within  0.5  dB  for 
angles  off  the  axis  of  +  65  degrees.  Because  of  the  large  curvature  of  the  Convair 
880  fuselage,  it  was  expected  that  lower  hemisphere  coverage  would  be  reduced.  Lower 
gain  below  the  aircraft  would  reduce  multipath  signals  from  earth  reflections. 

Measured  data  from  previous  missile  programs  were  reviewed  and  analyzed.  The  data  indicated 
that  a  scale  model  operating  at  C-band  cound  provide  most  of  the  required  gain,  polarization 
and  coverage  features.  The  data  was  obtained  for  two  diametrically  opposite  antenna 
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elements  on  a  missle  cylindrical  surface.  Thus,  the  scale  model  technique  was  considered 
feasible  for  the  aircraft  application  involving  large  cylinders  (aircraft  fuselage  • 
circumference).  Analysis  of  the  data  resulted  in  an  estimate  of  the  coverage  that  could 
be  obtained  from  a  single  flush  mounted  element  at  L-band. 

The  Diamond  Antenna  and  Microwave  Corporation  (DICO),  Winchester,  Massachusetts,  USA., 
developed  a  full  scale  L-band  cavity  backed  dipole  fed  slot  antenna  and  demonstrated 
near  hemispherical  coverage  on  a  cylindrical  .ground  plane.  An  extensive  radiation 
pattern  test  program  was  initiated  with  DICCT  in  1971  to  perform  pattern  measurements  of 
l/10th  scale  elements  at  several  locations  on  a  l/10th  scale  model  of  a  Convair  880  air¬ 
craft  shown  in  Figure  2.  The  test  frequency  was  1S.S  GHz,  scaled  up  from  ISSOMHz.  The 
results  of  this  scaled  model  antenna  and  aircraft  pattern  test  program  are  summarized5. 

The  full  size  antenna  is  illustrated  in  Figure  8. 

Orthogonal  -  Mode  Crossed  -  Slo t  Antenna 

The  basic  antenna  consists  of  two  orthogonal  half-wave  length  slots  fed  in  balance  and 
in  phase  quadrature,  thus  providing  a  low-gain  hemispherical  coverage  circularly  polarized 
radiator.  In  this  case  the  crossed-slot  iris  is  the  parasitic  element.  The  crossed-slot 
feed  is  fabricated  by  etching  slots  on  a  1/8  inch  thick,  2  oz.  copper  clad  Teflon- loaded 
fiberglass  plate  mounted  in  the  antenna  aperature.  The  slots  are  fed  in  balance  and  phase 
quadrature  from  a  90°  ring  hybrid  circuit  located  within  the  antenna  cavity.  The  antenna 
feed  network  is  illustrated  as  connected  to  the  radiating  aperature  shown  in  Figure  S. 

The  balanced  feed  enables  the  individual  slot  impedances  to  track  each  other  when  both 
slots  are  fed.  This  impedance  tracking  is  necessary  to  feed  the  slots  in  phase  quadrature 
and  achieve  equal  power  division  by  means  of  a  simple  quadrature  hybrid.  The  impedances 
of  concern  are  those  apperating  at  points  O'  and  0"  in  Figure  5.  The  impedance  at  these 
points  is  maintained  at  SO  ohms  over  the  frequency  band  within  a  VSWR  of  2:1.  When  a 
relative  phase  shift  of  90°  exists  between  the  slots,  the  antenna  will  transmit  (or 
receive)  a  purely  circularly  polarized  field  on  the  axis  (borosight)  of  the  antenna 
aperature.  When  port  R  is  connected  to  the  receiver  and  L  is  terminated  in  50  ohms 
the  radiated  field  is  right-handed  circularly  (RHC)  polarized.  Alternately,  port  L  may 
be  connected  to  the  receiver  (or  transmitter)  for  left-handed  (LHC)  polarization.  A 
coaxial  switch  is  shown  in  Figure  S  to  facilitate  the  change  from  RHC  to  LHC  polarization. 
An  illustration  of  the  orthogonal -mode  crossed-slot  antenna  mounted  on  a  section  of  curved 
ground  plane  is  shown  in  Figure  6. 

The  principle  of  operation  is  illustrated  by  the  electric  field  diagrams  shown  in  Figure 
7.  Figures  7a  and  7b  show  the  idealized  far  field  E-plane  and  H-plane  patterns  of  the 
individual  slots  in  the  crossed-slot  iris.  Figure  7c  shows  the  pattern  which  is  obtained 
by  superposition  of  the  individual  slot  patterns^  When  the  individual  slot  fields, 
symbolized  by  the  electric  field  vectors  Ea  and  Eb,  are  equal  in  magnitude  and  in  phase 
quadrature,  pure  circular  polarization  (0  dB  axial  ratio)  is  obtained  in  the  direction 
e  =  0°.  As  one  moves  off  axis  the  circularity  becomes  poorer  due  to  the  increased 
axial  ratio  between  the  E-plane  and  H-plane  fields.  As  the  horizon  is  approached  (8-90°) 
the  polarization  becomes  nearly  linear  as  the  vertical,  E-field  component,  is  dominant. 

Initial  design  of  the  antenna  element  was  performed  using  a  cylindrical  ground  plane  many 
wavelengths  in  size.  This  gives  an  indication  of  the  approximate  radiation  pattern  of 
the  antenna.  However,  for  accurate  evaluation  and  comparison  of  antenna  performance  in 
the  presence  of  reflecting  surfaces  such  as  t he  wings,  stabilizers  and  engine  nacelles 
measurements  are  made  on  a  true  scale  model  of  the  aircraft.  To  verify  that  the  perform¬ 
ance  of  the  scale  model  antenna  is  equivalent  to  the  full  size  antenna,  pattern  tests 
on  a  cylindrical  ground  plane  are  performed  with  the  scaled  antenna  in  the  same  environ¬ 
ment  as  the  original  tests  on  the  full  size  antenna. 

The  Boeing  Company,  Seattle,  Washington,  USA,  developed  full  scale  flight  worthy 
orthogonal-mode  crossed-slot  antennas  and  performed  complete  spherical  scale  model 
pattern  measurements^  for  two  antenna  locations  (reference  Figure  2) 
using  a  1 / 2 0 1 h  scale  model  of  a  Boeing  707  aircraft  which  has  an  airframe  almost 
identical  in  size  and  shape  to  the  Convair  880.  It  was  believed  that  the  data  would 
not  be  significantly  affected  by  the  :mall  differences  of  the  Boeing  707  from  the 
Convair  880.  The  test  frequency  was  32.0  GHz  scaled  up  from  1600  MHz.  The  initial 
development  of  this  antenna  design  was  performed  by  the  Boeing  Company  in  1968  under  a 
NASA  sponsored  SST/L-band  Satellite  Study  Program7.  The  full  size  Boeing  crossed-slot 
antenna  is  shown  in  Figure  8. 

Performance 


A  discussion  o:  perforn  .nee  of  each  of  the  two  antennas  is  presented  followed  by  a 

i  omparison  of  the  antennas  ml  a  discussioi  of  applications.  Figure  2  indicates  the 
locations  of  the  antennas  on  the  aircraft  where  scale  pattern  measurements  were  taken 
namely;  station  820  for  the  Boeing  crossed-slot,  and  stations  803.5  and  940  for  the  DICO 
dipole  fed  slot.  Af  each  station  antennas  were  located  at  two  places:  top  centerline 
and  3SU  off  the  top  centerline.  The  electrical  characteristics  of  these  antennas  are 
summarized  in  Table  1. 
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The  dipole  fed  slot  antenna  was  tested  at  two  stations  over  the  wings  to  determine  the 
effects  of  the  wings  on  the  pattern  shape  and  the  gain.  The  top  centerline  antenna  at 
station  803.5  has  a  measured  peak  gain  of  +9.2  dB  above  a  circularly  polarized  isotropic 
radiator  and  produced  an  elliptical  shaped  conical  beam.  This  antenna  has  an  efficiency 
of  greater  that  85%  and  provides  relatively  high  peak  gain  for  a  broad  beam  radiator. 

As  shown  by  the  solid  lines  in  Figure  9,  the  gain  pattern  orthogonal  to  the  aircraft 
fuselage  provides  a  beamwidth  of  65°  for  a  gain  of  +4  dBci  and  100°  (6  »  i50°)  for  a 
gain  of  0  dB.  At  angles  below  9  ■  ±50°  the  aircraft  wings  and  horizontal  and  vertical 
stabilizers  begin  to  cause  pattern  nulls  and  ripple  which  increases  as  9  increases.  Of 
particular  interest  is  the  difference  of  the  gain  at  6  »  80°  to  9  =  100°  (elevation  of 
10°  above  the  horizon  to  10°  below  the  horizon)  and  the  gain  below  the  aircraft.  The 
gain  pattern  cuts  off  sharply  in  the  roll  plane  (refer  to  Figure  9)  and  less  sharply  in 
the  pitch  plane  shown  in  Figure  10.  In  the  roll  plane  the  gain  difference  for  6=  80°  to 
9  ■  100“  is  3  dB  while  the  gain  decreases  another  12  dB  at  0  »  120°.  Gain  patterns  for 
two  conical  cuts,  9  =  40°  and  80°  are  shown  in  Figures  13  and  14  respectively.  These 
patterns  indicate  the  smooth  circular  pattern  of  near  constant  gain  at  narrow  beainwidth 
and  the  elliptical  pattern  shape  with  numerous  ripples  and  nulls  near  the  aircraft  wings 
and  tail  at  wide  beamwidth. 

The  dipole  fed  slot  antenna  located  35®  off  top  centerline  at  station  803.5  suffers  a 
decrease  in  peak  gain  to  7.8  dBci  and  some  distortion  in  the  uniformity  of  the  beam 
pattern  in  the  roll  plane  as  shown  in  Figure  11.  The  gain  at  65®  beamwidth  (0=2®  to  67°) 
is  +4  dBci  and  at  0  =  80°  the  gain  is'+2dBci.  The  gain  cutoff  from  0  »  80®  to  9  *  100° 
is  only  SdB,  however,  at  9  =  120°  the  gain  decreases  another  20  dB.  Thus,  the  multipath 
rejection  is  unacceptable  at  9  =  100®,  but  it  is  good  below  9  ■  120®.  Figures  15  and  16 
illustrate  the  patterns  for  conical  cuts  of  0  =  40°  and  80®  respectively.  These  patterns 
indicate  the  gain  profiles  are  relatively  smooth  and  asymmetric  in  the  direction  the 
antenna  aperature  is  facing.  On  the  side  opposite  the  antenna,  the  radiation  decreases 
significantly  with  unmeasureable  levels  below  9  =  100°  (10°  below  the  horizon). 

At  station  940,  top  centerline  location,  the  peak  gain  is  9.8  dBci,  slightly  greater  than 
that  for  station  803.5.  There  is  a  sharp  break  up  in  the  pitch  plane  pattern  with  a  null 
just  above  the  aircraft  nose  (9  ■  83°)  and  a  large  peak  directly  off  the  nose  (9  =  90°). 

In  comparing  the  conical  patterns  at  station  940  to  those  at  station  803.5,  it  is  found 
at  9  =  110®  the  lobes  have  more  gain  in  the  forward  and  aft  directions  for  the  antenna 
at  station  940.  From  this  data,  it  is  clear  that  multipath  signals  received  from  below 
the  aircraft  are  suppressed,  by  using  the  antenna  at  station  803.5.  Thus,  station  803.5 
is  the  preferred  location.  Performance  of  the  antenna  at  station  940,  located  35°  off 
centerline  is  not  greatly  different  from  the  station  803.5,  35°  antenna  except  the  gain 
below  the  aircraft  is  significantly  greater.  This  means  the  multipath  rejection  is  less. 
From  the  data  presented  here  and  in  the  DICO  report1*  the  dipole  fed  slot  located  at 
station  803.5  has  superior  performance  to  that  at  station  940.  Therefore,  no  further 
consideration  will  be  given  to  the  antenna  at  station  940. 

The  Boeing  crossed-slot  antenna  was  tested  at  station  820  rather  that  803.5  because  this 
is  the  actual  location  of  the  antenna  on  the  Convair  880  due  to  interference  with 
existing  equipment  on  the  aircraft.  The  difference  in  these  two  locations  does  not 
cause  any  significant  variations  in  the  measured  pattern  data  because  the  distance  is 
small  relative  to  the  size  of  the  fuselage  and  to  the  distance  to  the  wings  and  stabilizers 
The  measured  gain  of  the  crossed-slot  was  +5.0  dBci  at  the  top  centerline  (9  ■  0°)  and 
+  6.4  dBci  at  the  starboard  side  (9  =  35°)  off  centerline.  I’he  wing  structures  at  the 
35°  position  cause  a  focusing  effect  on  the  pattern  resulting  in  larger  lobes  and  higher 
gain.  The  efficiency  of  this  antenna  was  measured  as  874.  Gain  of  +4  dBci  is  achieved 
over  a  beamwidth  of  55°,  while  0  dBci  gain  is  provided  over  150°  beamwidth.  The  Boeing 
patterns  in  Figure  9  and  10  indicate  the  smoothness  in  the  roll  and  pitch  planes.  The 
gain  decreases  approximately  7  dB  from  9  »  80°  to  0  -  100“  but  the  difference  between 
peak  gain  at  0  •  0°and  that  at  9  =  100°  is  only  15dB.  This  antenna  is  best  suited  for 
the  top  centerline  location  because  at  the  35°  position  the  multipath  rejection  is  not 
acceptable  and  some  pattern  distortion  occurs  due  to  the  wings.  These  patterns  are  shown 
in  Figures  11  and  12. 

The  circularly  polarized  orthogonal -mode  crossed-slot  antenna  is  intended  to  serve  as  an 
upper  hemisphere  coverage  antenna.  From  the  radiation  patterns6,  the  top  centerline 
location  provides  a  gain  equal  to  or  greater  than  isotropic  for  approximately  904  of  the 
coverage  sector  of  8  ■  0°to  9  =  +80°.  In  addition,  the  coverage  below  the  horizon 
decreases  rapidly  below  the  100°  conic  (6  ■  100°),  providing  good  multipath  rejection. 

Due  to  the  low  peak  gain,  this  antenna  has  a  rather  narrow  beamwidth  at  +4  dBci.  It 
should  be  noted  the  scale  patterns  on  top  centerline  compare  very  well  with  those 
obtained  for  the  full  size  production  antenna  when  tested  on  a  4  foot  by  4  foot  ground 
plane. 

The  discussion  thus  far  has  focused  on  a  single  element  antenna  to  provide  hemispheric 
beamwidth  and  moderate  gain  (0  to  +4  dB)  with  good  multipath  rejection  outside  the 
desired  coverage  region.  We  have  shown  that  the  Boeing  crossed-slot  comes  close  to 
meeting  the  minimum  gain  of  0  dBci.  Upon  examination  of  the  data  we  can  see  that  the 
DICO  dipole  fed  slot  provides  a  higher  gain  of  +4  dBci  and  could  provide  the  beamwidth, 
minimum  of  160°  (0  ■  +80°),  by  using  two  or  three  elements  appropriately  spaced  around 
the  fuselage.  These  wculd  he  electrically  or  manually  switch  selected  to  direct  the 
desired  beam  toward  the  satellite  in  an  aeronautical  communications  system.  The  beam- 
width  of  these  antennas  in  the  pitch  plane  indicates  two  satellites  could  be  in  the  field 
of  vision  simultaneously  for  surveillance  functions  for  most  azimuth  angles  (aircraft 
headings ) . 
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It  should  be  noted  that  the  "initial"  goal  of  this  evaluation  program  was  to  find  an 
antenna  providing  0  dBci  gain  ove.  160°  beamwidth  in  the  upper  hemisphere.  During  the 
performance  of  these  test  programs  the  AEROSAT  system  definition  was  initiated  and 
requirements  developed  which  called  for  a  minimum  of  +4  dBci  over  the  same  beamwidth. 

We  believe  the  antennas  discussed  have  promise  of  fulfilling  that  requirement  at  a 
relatively  low  cost.  The  feasibility  of  multiple  elements  has  been  demonstrated  in 
follow-on  work  performed  by  Texas  Instruments  Inc.,  Dallas,  Texas,  involving  diversity 
techniques  and  combination  studies  using  the  Boeing  crossed-slot  and  DICO  dipole  fed  slot 
antennas.  Two  pair  (four  elements)  of  the  DICO  antennas  employing  switch  selection  of 
sum  and  difference  patterns  provides  a  minimum  of  +4  dBci  over  the  hemispheric  region 
above  0  «  80°.  Each  pair  of  elements  is  located  on  the  side  of  the  aircraft  fuselage, 

55°  down  from  zenith  at  station  80.5.5.  The  two  elements  in  a  pair  are  separated  by 
0.7Ss/A,  The  sum  and  difference  patterns  generated  by  computer  from  the  scale  model 
pattern4  are  shown  in  Figure  18.  Performance  of  the  crossed-slot  antenna  in  the  same 
configuration  is  shown  in  Figure  17  for  comparison.  This  data  is  in  process  of  being 
published  as  a  US  Department  of  Transportation  contractor's  report8. 

CONCLUSIONS 

The  antennas  discussed  are  applicable  to  the  future  L-band  aeronautical  satellite  ATC 
systems  being  planned.  These  are  low  cost  antennas  (approximately  $500.00  per  unit  in 
quantity)  capable  of  satisfying  digital  communications  and  surveillance  requirements 
with  one  or  two  elements  and  will  satisfy  the  minimum  quality  voice  communications 
requirements  with  3  or  4  elements  in  combination.  Additional  work  is  required  to  provide 
field  testing  and  evaluation  of  these  antennas.  Both  the  DICO  and  Boeing  antennas 
described  were  tested  and  evaluated  in  communications  tests  performed  with  a  Convair 
880  aircraft  and  balloons  in  1971  in  the  USA  and  in  France  in  Cooperation  with  ERSO  . 
Future  antenna  tests  are  planned  by  the  US  Department  of  Transportation  using  the  NASA 
ATS-F  satellite  in  1974  and  1975. 
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Figure  15.  Antenna  Conical  Patterns  (0*40°) 
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Figure  16.  Antenna  Conical  Patterns  (9»80°) 
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Figure  18.  DICO  Composite  Pattern 
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DISCUSSION 


H  T  BLACKBAND 

The  Authors'  radiation  patterns  measured  at  15.5  GHz  have  been  of  great  interest  to  our  antenna  team 
at  RAE  Farnborough.  We  have  made  measurements  of  a  similar  system  in  which  a  slot-dipole  antenna  was 
sited  on  the  shoulder  of  the  fuselage  of  a  Comet  aircraft.  These  measurements  were  made  at  l/lOth  scale 
with  a  working  frequency  of  15.5  GHz.  As  a  cross  check  on  the  measurements  made  at  RAE  the  radiation 
patterns  were  also  measured  on  the  MBB  test  range  at  Ottobrun.  The  general  agreement  between  the  two 
sets  of  measurements  was  very  pleasing.  Because  the  geometry  of  the  measurements  at  ftAE  was  the  same  as 
that  used  by  DICO  it  is  possible  to  make  a  direct  comparison  between  the  two  resulting  sets  of  data. 

In  order  to  illustrate  the  comparison  the  curves  of  Figures  12  and  15  of  the  Authors'  paper  are 
reproduced  here  with  the  RA£  data  marked  on  with  crosses.  A3  will  be  seen  there  is  excellent  agreement 
between  the  positions  of  the  crosses  and  the  solid  curve  of  the  DICO  results. 

It  should  be  noted  that  for  the  planes  of  measurement  displayed  in  Figures  12  and  15  the  radiation 
patterns  would  be  expected  to  be  independent  of  the  wing  geometry  and  for  this  reason  it  is  not 
supprising  that  there  is  such  good  agreement  between  measurements  made  for  a  Comet  and  a  Boeing  707 • 

For  a  measurement  plane  such  as  that  of  Figure  11  for  which  wing  reflections  are  important,  there  is  good 
agreement  between  the  DICO  and  RAEdata  at  angles  of  elevation  above  about  10  to  20°  but  marked 
differences  at  lower  angles  of  elevation  or  depression  because  of  the  differences  of  wing  structure  of  the 
2  mode  aircraft. 

It  is  pleasing  at  this  Conference  where  prominence  is  being  given  to  scale  model  techniques  to  see 
this  good  correlation  between  measurement  a  made  at  sites  6000  miles  apart. 
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SUMMARY 

A  circularly  polarized  L-Band  planar  array  for  aeronautical  satellite  use  is  presented. 

A  simple  trade-off  is  outlined  among  the  several  earth  coverage  antenna  types  mainly  for  what 
concerns  the  constraints  on  weight  and  size. 

From  this  trade-off  a  planar  array,  consisting  of  two  interlaced  arrays  of  transverse  and 
longitudinal  slots,  appears  the  most  attractive  solution,  mainly  if  wide  operating  bandwidths  are 
not  required.  The  design  criteria  for  such  an  antenna  are  presented  and  the  principal  electrical 
critical  areas  together  with  the  main  technological  and  mechanical  characteristics  are  discussed. 
The  main  results  on  an  experimental  work  on  transverse  slots  are  reported  with  their  implica¬ 
tions  on  the  antenna  design  criteria. 

Experimental  results  (radiation  patterns,  VSWR)  on  a  breadboard  and  on  the  L-band  model  are 
presented. 

1.  INTRODUCTION 

Earth  coverage  antennas  for  surveillance  and  communication  are  normally  required  for 
aeronautical  satellite  use.  The  allocated  frequency  band  for  aeronautical  satellite  service  (1545- 
1645  MHz)  creates  some  problems  for  antenna  hardware  from  the  point  of  view  of  weight,  size 
and  stiffness.  If  we  take  into  account  the  usual  constraints  coming  from  the  launchers  capabilities 
and  available  room  under  the  shronds,  low  weight,  compact  and  flat  antenna  configurations  are 
preferable. 

Use  of  circular  polarization  is  mandatory,  due  to  the  variations  of  the  aircraft  attitude  with  re¬ 
spect  to  the  satellite.  The  requirements  on  the  circularity  of  the  polarization  are  more  stringent 
at  the  earth  edge,  since  the  aircraft  seen  the  satellite  at  low  elevation  angles,  where  high 
ellipticity  values,  normally  encountered  in  aircraft  antennas  far  from  the  zenithal  direction,  can 
cause  high  polarization  losses. 

It  is  well  known  that  the  maximumedge  gain  corresponds  to  a  gain  about  4.2  dB  below  the  peak 
at  the  edge  of  the  coverage,  with  a  normal  gaussian  beam  shape.  Higher  minimum  gain  values 
can  be  obtained  by  means  of  proper  beam  shaping,  with  attendant  size  and  weight  increase  of  the 
antenna.  The  normal  -  3  dB  beamwidth  for  an  earth  coverage  antenna  on  board  of  a  geostationary 
satellite  is  then  14.8°. 

Many  antenna  configurations  can  be  envisaged  for  obtaining  an  earth  coverage  beam.  We  can 
disregard  solutions  utilizing  horns  (in  all  possible  geometries),  lenses  (constrained,  artificial 
dielectric)  mainly  in  view  of  weight  and  size  problems. 

A  trade-off  between  reflector  systems  and  arrays  of  low  or  medium  gain  radiating  elements  shows 
an  higher  merit  figure  for  the  latters.  Arrays  of  crossed  dipoles,  spirals,  helices  require  power 
dividing  networks  that  are  generally  lossy  and  decrease  the  overall  antenna  efficiency.  Waveguide 
fed  slot  arrays  appear  a  better  solution,  mainly  if  wide  operating  bandwidths  are  not  required. 
Preference  is  given  to  resonant  type  arrays,  where  the  slots  are  spaced  by  an  integer  number  of 
half  guide  wavelenghts  with  an  end  short  circuit. 

Non  resonant  type  arrays  with  an  end  load  would  decrease  unacceptably  the  antenna  efficiency,  if 
we  consider  the  limited  number  of  slots  of  an  earth  coverage  array. 

2.  GENERAL  REMARKS 

A  planar  array  antenna  appears  a  very  attractive  solution  for  the  earth  coverage  antenna. 
Waveguide  fed  slot  arrays  have  generally  higher  efficiencies,  Circularly  polarized  slot  arrays 
have  been  previously  described  (1), 

An  alternative  approach  is  to  make  use  of  polarization  converters  in  form  of  grids  or  printed 
circuits  in  front  of  a  linearly  polarized  slot  array.  A  dual  frequency,  opposite  sense  circularly 
polarized  slot  array  has  been  also  developed  as  a  radiating  element  for  a  circular  array  (2). 

The  use  of  broadwall  transverse  and  longitudinal  slots,  fed  by  a  common  waveguide,  to  generate 
the  circular  polarization,  when  displaced  by  a  quarter  of  guide  wavelenght,  present  s  some  pro¬ 
blems,  They  are  due  mainly  to  the  transverse  slots  that  have  to  be  spaced  by  a  guide  wave¬ 
lenght  in  order  that  the  slot  of  the  array  radiate  in  phase.  Use  of  guide  loading  (dielectric  or 
corrugated  surface*  of  the  waveguide  bottom  broad  vail)  is  then  required. 
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Besides,  the  radiated  power  from  the  slots  is  controlled  with  the  displacement  from  tne  centre 
line  of  the  broad  wall  of  the  feeding  waveguide  and  the  transverse  slot  in  the  displaced  condition 
can  extend  beyond  the  broad  wall  edge,  along  the  narrow  guide  wall.  The  arrangement  of  trans¬ 
verse  and  longitudinal  slot  arrays,  to  form  two  -  dimensional  arrays,  becomes  very  difficult  to 
be  realized.  A  feeding  technique  of  an  array  of  waveguide  fed,  broad  wall,  longitudinal  slot 
arrays  with  the  removal  of  the  contiguous  separating  guide  narrow  walls  has  been  presented  in  (3). 
The  slots  are  excited  by  an  equivalent  waveguide  operating  in  the  higher  order  mode  TEno,  where 
n  indicates  the  number  of  the  equivalent  virtual  contiguous  waveguides.  The  above  described 
technique  implies  an  alternate  out-of-phase  feeding  of  the  contiguous  virtual  waveguides. 

In  phase  excitation  of  half- waveguide  spaced  transverse  slots  can  be  then  obtained  by  feeding  them 
alternately  from  two  adjacent  waveguides.  In  order  to  obtain  the  correct  lenght  for  the  required 
resistance  and  reactance  values,  part  of  the  transverse  slot  can  be  extended  over  the  broad  wall 
of  the  adjacent  wave-uide.  This  affects  the  impedance  characteristics  of  the  slot.  The  effect  can 
also  be  represented  as  an  excitation  from  a  waveguide  operating  in  the  TEgo  mode,  with  the  trans¬ 
verse  slot  displaced  from  the  centre  line  of  the  broad  wall  of  the  equivalent  waveguide.  The  above 
interpretation  was  reported  in  (4)  for  a  possible  improved  version  of  the  Surveyor  antenna. 

Recently  radiating  properties  of  half-wave  slots  in  a  rectangular  guide  operating  in  the  fundamental 
and  TE20  modes  have  been  reported  (5). 

The  antenna  consists  therefore  of  two  interlaced  resonant  arrays  of  longitudinal  and  transverse  slots 
for  the  two  orthogonal  linear  components  of  the  circular  polarization.  The  required  90"  relative 
phase  shift  results  from  the  one  quarter  wavelenght  spacing  in  the  feeding  waveguide.  The  above 
condition  is  met  if  the  slots  of  the  two  types  are  resonant  (about  half  wavelenght)  or  if  one  set  of 
the  two  is  sufficiently  far  from  the  resonance  conditions.  It  appears  more  convenient  in  the  latter 
case  to  use  not  resonant  transverse  slots,  by  considering  their  flat  behaviour  of  the  resistance 
with  the  lenght  (6).  The  longitudinal  and  transverse  slots  are  cut  on  the  broad  wall  of  a  rectangular 
waveguide,  where  a  higher  order  mode  TEno  propagates.  It  can  be  thought  as  consisting  of  n 
virtual  waveguides,  operating  on  the  TEjq  mode,  side  by  side,  with  the  common  narrow  walls  re¬ 
moved. 

The  power  dividing  network  for  feeding  the  adiacent  virtual  waveguides  can  be  of  any  type,  provided 
they  are  alternately  fed  with  180“  phase  shift  and  proper  power  distribution.  The  corporate  feed¬ 
ing  network  is  a  good  solution;  a  more  compact  and  efficient  system  consists  of  a  main  waveguide, 
slot  coupled  with  the  virtual  waveguides  carrying  the  radiating  slots  and  orthogonal  to  the  main 
waveguide.  From  the  mechanical  and  electrical  point  of  view  the  best  coupling  system  appears  to 
be  that  one  consisting  of  longitudinal  slots  on  the  broad  wall  of  the  main  guide,  radiating  into  the 
region  between  the  top  and  bottom  plates  of  the  waveguide  with  the  radiating  slots. 

Each  of  the  two  above  mentioned  interlaced  arrays  is  of  resonant  type,  that  is  the  radiating 
elements  are  fed  in  phase.  Let  us  consider  first  the  array  of  longitudinal  Blots  that  generate  one 
of  the  two  linear  orthogonal  components  of  the  circular  polarization.  It  consists  of  an  array  of 
arrays  of  slots  on  the  broad  walls  of  the  virtual  waveguides,  where  the  in-phase  excitation  is 
obtained  by  means  of  half  guide  wavelength  spacing  between  the  slots  and  by  alternating  the  sense 
of  the  slot  displacement  with  respect  to  the  virtual  waveguide  broad  wall  center  line.  If  the  half 
guide  wavelength  is  sufficiently  lower  than  the  free  space  wavelength,  grating  lobes  are  not  allow¬ 
ed.  The  slots  are  of  resonant  length  and  therefore  equivalent  to  pure  shunt  resistance  in  the 
waveguide  equivalent  transmission  line,  A  short  circuit  is  positioned  at  a  quarter  guide- wavelength 
from  the  last  longitudinal  slot  center  according  to  the  common  resonant  array  technique  (7W8), 

The  slots  amplitude  excitation  is  controlled  by  means  of  the  displacement  from  the  broad  wall 
center  line. 

The  transverse  slot  array  generates  the  linear  component  orthogonal  to  that  of  the  longitudinal 
slot  array.  Most  of  the  above  discussed  cons  derafions  also  apply,  with  the  following  differences: 

I'  the  resonant  transverse  slot  is  equivalent  to  a  pure  series  resistance 

2'  the  end.  short  circiot  is  pos  t  oned  at  a  half  guide- wavelength  from  the  last  transverse  slot 

3'  no  phase  inversion  is  obtained  by  reversing  the  sense  of  displacement  of  the  slot  from  the 
center  line  of  the  broad  wall  of  each  virtual  waveguide. 

In  phase  radiation  from  successive  transverse  slots,  spaced  by  half  gu  de  wavelength  to  avoid 
grating  lobes,  can  be  obtained  b>  feeding  them  alternately  from  adjacent  virtual  waveguides, 
that  are  themselves  fed  in  antiphase.  It  is  the  same  to  say  that  the  in-phase  exitation  is  ob¬ 
tained  by  reversing  the  sense  of  slot  displacement  from  the  virtual  common  wall  of  adiacent 
waveguides  and  by  sparing  the  slots  by  half  guide  wavelength. 

An  explanatory  scheme  of  the  basic  concept  of  the  antenna  is  shown  in  fig,  2.1. 
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3.  DESIGN  CRITERIA 
3.  1 .  General 

Following  the  concepts  presented  in  the  preceeding  paragraphs,  the  main  design  criteria 
for  an  aeronautical  satellite,  earth  coverage  antenna  are  below  indicated: 

a)  Good  circularity  of  the  polarization,  with  particularly  stringent  requirements  at  the  earth 
coverage  edge.  A  goal  value  of  2,  5  dB  maximum  ellipticity  at  the  edge  is  assumed. 

b)  Gain  level  of  4,  2  dB  below  the  peak-at  the  edge  of  coverage,  according  to  the  optimum  gain 
conditions,  for  normal  gaussian  beam  shape. 

c)  Minimum  efficiency  loss  of  the  antenna  system,  by  taking  into  account  mechanical  and  thermal 
constraints. 

With  uniform  illumination  distribution  on  a  linear  or  square  array,  the  beamwidth  values  change 
with  discrete  steps  by  changing  the  slot  number,  at  fixed  spacing  value.  For  a  given  beamwidth, 
the  minimum  number  of  slots  is  found  where,  decreasing  the  slot  number,  a  beamwidth  value  e- 
qual  or  less  than  required  is  first  obtained.  If  necessary,  the  correct  beamwidth  is  then  obtained 
by  introducing  a  proper  tapering  in  the  illumination  distribution.  However,  due  to  the  chosen  in¬ 
terlaced  configuration  of  the  two  arrays  in  the  plane  parallel  to  the  main  feeding  guide  axis  the 
longitudinal  slot  array  consists  of  one  equivalent  linear  array  more  than  the  number  of  the  equi¬ 
valent  arrays  of  transverse  slot.  In  the  plane  orthogonal  to  the  main  feeding  waveguide  axis,  the 
phase  center  coincidence  between  the  two  arrays  requires  again  that  the  number  of  longitudinal 
and  transverse  slots  differ  by  one.  Therefore  the  condition  of  minimum  number  of  slots  cannot 
be  met  in  any  of  the  two  principal  planes  simultaneously  for  both  the  interlaced  arrays. 

Compromise  solutions  must  then  be  found.  Equispacing  of  the  slot  centers  along  the  two  principal 
axes  of  the  square  grid,  representing  the  planar  array,  minimizes  the  slot  number,  if  beamwidth 
equalization  in  each  plane  and  for  each  polarization  is  desired.  The  half  waveguide  spacing  between 
successive  slots  in  the  virtual  waveguide  implies  the  following  equation,  where  a  is  the  virtual 
waveguide  width  and  A  is  the  operating  wavelength: 


With  the  chosen  configuration  and  if  the  displacements  from  the  center  line  are  neglected  in  a 
first  approximation,  the  minimum  number  of  slots  for  a  required  beamwidth  corresponds  to 


In  this  condition  the  slot  spacings  in  the  two  principal  planes  are  the  same. 

If  constraints  on  the  array  size  require  that  the  number  of  slots  along  one  or  both  the  principal 

directions  be  less  than  the  minimum  required  for  the  given  beamwidth,  square  grid  configuration 
of  the  slot  array  gives  the  minimum  beamwidth  spread.  This  is  clearly  shown  in  fig.  3.r,  where 
the  -3  db  beamwidth  varation  for  the  two  orthogonal  linear  polarizations  in  the  principal  planes  is 
plotted  in  terms  of  spacing  between  the  slots  for  a  planar  array  with  4x6  transverse  and  5x5  long¬ 
itudinal  slots. 

It  must  be  evidentiated  that  the  element  factor  plays  a  negligeable  role  in  determining  the  array 
-3  db  beamwidth,  for  typical  values  of  about  15°,  as  in  the  case  of  earth  coverage  from  a  geosta¬ 
tionary  orbit, 

3,  2.  Longitudinal  slot  array 

From  the  above  considerations  it  turns  out  that  the  optimum  configuration  consists  of 

5x5  slot  array,  spaced  by  (A 7  in  the  the  two  principal  directions  of  the  grid  and  excited  with 

uniform  amplitude  and  phase. 

Use  of  reduced  height  waveguide  is  advisable  in  view  of  the  smaller  required  displacements  from 
the  centre  line  of  the  broad  wall  of  the  virtual  waveguide.  The  reduced  height  configuration  is 
convenient  also  for  the  transverse  slot  array,  where  unacceptable  slot  overlapping  and  limited 
displacement  are  conflicting  requirements  that  in  our  case  find  a  compromise  solution  with  half 
height  feeding  waveguide. 

The  longitudinal  slots  are  resonant  and  their  lenght  is  therefore  approximately  one  half  wavelength, 
with  no  dielectric  loading  of  the  exciting  waveguide.  They  can  be  represented  at  the  resonance  as 
pure  conductances  in  parallel  to  the  feeding  waveguide.  Since  the  design  of  the  longitudinal  slot 
array  must  be  performed  in  connection  with  that  of  the  transverse  slot  array,  the  evaluation  of 
the  conductance  distribution  is  presented  together  with  the  design  of  the  interlaced  array  of  trans¬ 
verse  slots. 
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3.  3.  Transverse  slot  array 

With  reference  to  the  choice  of  the  longitudinal  slot  array  two  possible  solutions  can  be 
envisaged  for  the  interlaced  array  of  transverse  slots: 

Solution  A:  N-l  slots  in  the  direction  parallel  to  the  power  dividing  waveguide  axis.  This  value 

is  imposed  by  the  antenna  structure. 

N-l  slots  in  the  direction  orthogonal  to  the  above  mentioned  axis. 

Solution  B:  N-l  slots  in  the  direction  parallel  to  the  power  dividing  waveguide  axis. 

N+l  slots  in  the  direction  orthogonal  to  the  above  axis. 

Both  solutions  meet  the  requirement  that  the  two  arrays  have  the  same  phase  center. 

The  solution  B  is  preferable,  since  it  allows  to  play  with  the  distribution  tapering  to  minimize 
the  gain  level  difference  between  the  two  orthogonal  linear  polarizations  and  therefore  the  ellipti- 
city  at  the  edge  of  the  coverage.  The  transverse  slot  array  consists  then  of  4x6  slots  fed  in 
phase,  but  with  proper  amplitude  distribution. 

The  determination  of  the  proper  taper,  and  therefore  of  the  slot  excitation  coefficients,  comes 
out  from  the  beamwidth  requirements. 

In  order  to  evaluate  the  resistances  and  conductances  values,  the  following  assumptions  have  to 
be  made: 

1)  The  sum  of  the  power  radiated  by  longitudinal  and  transverse  slots  of  each  virtual  waveguide 
must  be  equal  to  the  power  entering  into  it. 

2)  The  total  power  radiated  by  the  longitudinal  slots  must  be  equal  to  the  power  radiated  by  the 
transverse  ones. 

3)  The  distribution  of  the  resistance  values  of  the  transverse  slot  must  correspond  to  same  in¬ 
ternal  ratios  calculated  according  to  the  required  taper. 

These  assumptions  allow  to  calculate  the  required  set  of  resistance  and  conductance  values. 
Moreover,  it  has  to  be  pointed  out  that  the  transverse  slots  contribution  in  the  external  virtual 
waveguides  is  different  from  that  relative  to  the  inner  waveguides.  The  first  of  the  above  indicat¬ 
ed  assumptions,  which  is  a  matching  condition,  leads  to  conductance  values  for  the  longitudinal 
slots  in  the  external  waveguides  different  from  those  in  the  internal  ones.  This  means  a  slight 
deviation  from  the  uniform  amplitude  distribution  with  some  inverse  taper.  However  the  effects 
on  the  beam  shape  and  the  sidelobe  level  are  still  acceptable. 

3.4.  Feeding  system 

It  consists  of  a  resonant  array  of  five  slots  cut  on  the  broad  wall  of  a  rectangular  wave¬ 
guide  operating  in  the  fundamental  mode. 

The  usual  design  criteria  can  be  used  for  this  array  (8).  It  has  to  be  pointed  out  that  in  this 
case  the  slots  do  not  radiate  in  the  free  space  but  between  two  metallic  planes. 

The  conductance  values  are  quite  different  from  those  relative  to  the  condition  of  radiation  in  the 
free  space. 

However  this  effect  can  be  properly  taken  into  account  (8). 


3,5.  Conductances  and  resistances  practical  realization 

One  of  the  most  important  problems  in  the  design  of  the  above  described  antenna  is  the 
evaluation  and  the  practical  realization  of  the  proper  conductance  and  resistance  values  of  the 
slots  and  the  determination  of  their  resonant  length. 

The  longitudinal  slots  can  be  thought  cut  on  the  broadwall  of  a  waveguide  operating  in  the  funda¬ 
mental  mode,  and  a  lot  of  theoretical  and  experimental  data  of  conductance  and  resonant  lenght 
are  available  (6). 


The  transverse  slots  in  this  application  are  in  a  new  configuration,  as  they  are  extending  partially 
on  to  the  broad  wall  of  the  contiguous  equivalent  waveguide  excited  out  of  phase. 

In  order  to  evaluate  this  effect  it  has  been  necessary  to  carry  out  a  set  of  measurements  on  trans 
averse  slots  on  the  broad  wall  of  a  waveguide  operating  in  the  TEgo  mode. 

The  results  of  these  measurements  are  synthesized  in  the  curves  of  Figg.  3— II,  3 —III,  3-IV, 


From  the  fig.  3-II  one  can 


obtain  the  resonant  lenght  as  a  function  of  the  value  of  interest. 


The  fig.  3-m  represents  a 
value  in  order  to  have  the 
dependence  of  the  resonant 


characteristic  curve  from  which  one  can  derive  the  proper  displacement 
required  resistances  values.  The  last  curve  (see  fig.  3-IV)  shows  the 
lenght  from  the  slot  displacement. 


4.  RESISTANCE  A^D  RESONANT  FREQUENCY  TESTS  ON  TRANSVERSE  SLOTS 
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From  the  measurement  of  the  reflection  coefficient,  the  values  of  the  normalized  re- 
sLtunce  and  the  resonant  frequency  of  the  transverse  slots  can  be  evaluated,  The  test  have  been 
performed  by  making  use  of  the  HP  Network  analyzer  8410-A  in  the  configuration  shown  in  fig. 4-1, 
\t  the  end  of  the  reference  and  test  channels  two  identical  sections  of  waveguide,  terminated  by 
sliding  short  circuits  are  connected  to  a  folded  magic-T,  fed  at  the  H  input  in  order  to  excite  the 
TE^O  mode.  The  transverse  slot  under  test  is  cut  on  the  broad  wall  of  the  waveguide  at  the  end 
of  t’.e  test  channel.  The  whole  broad  wall  is  removable  and  many  values  of  slot  lengths  and  di¬ 
splacements  from  the  centre  line  can  be  examined.  At  each  frequency  the  sliding  short  circuit 
is  at  half  guide  wavelength  from  the  slot  center,  so  that  the  equivalent  transmission  line  can  be 
considered  as  terminated  only  by  the  slot  impedance. 

The  reference  channel  short  circuit  is  in  the  same  position  of  that  in  the  test  channel,  so  that 
the  two  channels  can  be,  considered  identical  when  the  slot  is  covered  and  doesn't  radiate. 

The  similarity  of  the  two  channels  is  verified  during  the  calibration. 

The  network  analyzer  8410-A  is  equipped  with  a  phase  gain  indicator  8413-A  which  gives  modulus 
and  phase  of  the  reflection  coefficient.  With  the  slot  in  the  radiating  condition,  the  reflection 
coefficient  of  the  test  channel  changes,  as  measured  at  the  H  input  of  the  folded  magic-T. 

The  frequency  is  changed,  with  the  short  circuit  at  one  half  guide  wavelength  from  the  center  of 
the  slot  under  test.  The  resonant  frequency  of  the  slot  is  found  when  there  is  no  change  of  the 
phase  d-1  of  the  reflection  coefficient  7~  =  measured  at  the  input  of  the  test  channel  with  the 

slot  radiating  and  not  radiating.  This  indicates  that  the  slot  impedance  is  purely  resistive  and 
therefore  the  slot  is  of  resonant  length.  From  the  amplitude  of  the  reflection  coefficient  the 
normalized  resistance  value  r  is  found  by  the  following  equal, on  (rC  1) 


i  t*  1 1  I 


5,  EXPERIMENTAL  RESULTS 
5.1.  C-band  breadboard. 

A  C-band  model  has  been  designed  according  to  the  above  described  design  criteria. 

A  photograph  of  the  model  is  shown  in  fig.  5.1.  The  preliminary  results  on  the  model,  where 
both  transverse  and  longitudinal  slots  were  of  resonant  length,  showed  that  the  mutual  coupling 
effects  where  extremely  important  and  deteriorated  unacceptably  the  performances  of  the  antenna. 

A  study  revealed  that  the  negative  effects,  were  less  and  less  relevant,  when  the  transverse  slot 
were  brought  out  of  resonance.  It  was  decided  to  make  use  of  not  resonant  transverse  slot  array, 
by  taking  advantage  of  the  flat  behaviour  of  the  resistance  with  the  slot  length.  The  length  was 
made  sufficiently  shorter  than  the  resonant  value,  so  that  the  reactive  component  of  the  slot  im¬ 
pedance  was  near  to  zero  and  the  insertion  phase  very  small.  The  required  90°  phase  difference 
between  the  two  linear  components  relative  to  the  two  interlaced  arrays  is  so  obtained.  It  must 
also  be  pointed  out  that  a  residual  reactive  component  of  the  transverse  slot  impedance  is  useful 
to  compensate  the  mutual  coupling  effects. 

Antenna  VSWR  and  radiation  patterns  have  been  measured.  It  has  been  found  that  the  antenna  per¬ 
formances  is  good  over  a  bandwidth  wider  than  2%.  The  input  VSWR  and  radiation  patterns,  taken 
with  a  spinning  linear  source  in  the  two  principal  planes,  at  the  centre  frequency,  are  shown  in 
fig.  5  —  II .  The  radiation  patterns  in  the  two  linear  polarizations  are  superimposed  over  the  ellip- 
ticity  pattern.  Separate  contributions  to  the  phase  and  amplitude  errors  of  the  ci  rcular  polarization 
from  the  two  interlaced  arrays,  linearly  polarized,  can  be  deducted. 

An  old  X-band  model  built  not  in  view  of  the  use  for  the  aeronautical  satellite  is  shown  in  fig.  5  -  III . 
It  had  been  realized  mainly  with  the  purpose  of  checking  the  feasibility  of  such  a  type  of  planar 
array  some  years  ago. 

5,3.  L-band  model. 

A  feasibility  study  of  an  aeronautical  satellite  earth  coverage  antenna  has  been  undertaken 
in  the  frame  of  the  work  developed  by  the  "Cosmos"  Consortium  of  european  aerospace  industries, 
led  for  the  Aerosal  program  by  MUD,  under  an  ESTEC  contract.  An  L-band  prototype  has  been  de¬ 
veloped  to  demonstrate  the  capabilities  of  the  planar  array  antenna  type  for  the  aeronautical  satel¬ 
lite  use.  The  L-band  model  is  not  exactly  scaled  from  the  above  described  C-band  breadboard, 
but  it  has  been  designed  according  to  the  outlined  design  criteria  and  the  experimental  results  at 
C-band.  The  .-,-band  prototype  has  not  been  fully  optimized  and  further  improvements  in  its  per¬ 
formance  can  be  expected. 

The  lightweight  characteristics  have  been  obtained  by  making  use  of  a  magnesium  alloy  power 
dividing  waveguide  and  a  paper  nylon  honeycomb  structure  with  aluminum  skins  for  the  higher  mode 
Waveguide.  The  influence  of  the  dielectric  honeycomb  structure  can  be  taken  into  account  and  some 
data  are  available  in  the  technical  literature  (10),  The  honeycomb  electrical  characteristics  have 
been  measured  and  the  effect  of  the  honeycomb  on  the  transverse  slot  resistance  and  resonant  length 
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haa  been  experimentally  verified  during  the  program  of  measurements  of  the  slot  impedances, 
The  VSWR  results  and  typical  measured  radiation  patterns  in  the  two  principal  planes  are  shown 
in  fig,  5-IV,  The  tests  carried  over  a  2%  relative  frequency  band  have  showed  good  electrical 
characteristics  of  the  antenna.  The  performances  do  not  deteriorate  rapidly  outside  the  above 
Indicated  band,  but  a  graceful  degradation  of  the  ellipticity  and  gain  over  the  earth  coverage 
angular  sector  has  been  found.  The  minimum  ellipticity  characteristics  of  the  antenna  at  the 
edge  of  the  coverage  are  clearly  evidentiated. 

A  photograph  of  the  array  is  shown  in  fig.  5-V. 

6.  CONCLUSIONS 

The  design  criteria  and  the  characteristics  of  a  planar  array  for  aeronautical  satellite 
use  have  been  shown.  It  appears  that  the  solution  of  interlaced  longitudinal  and  transverse  slot 
arrays  is  attractive,  if  a  lightweight,  and  compact  structure  has  to  be  associated  to  good  elec¬ 
trical  characteristics.  The  intrinsic  flexibility  of  the  slot  array  design  allows  a  solution  taylor- 
ed  to  the  specific  requirements.  On  the  other  hand  the  narrow  operating  bandwidth,  decreasing 
with  the  increase  of  the  number  of  the  slots,  and  the  discrete  size  variations,  when  the  aperture 
has  to  be  changed,  have  to  be  considered  limitations  in  the  use  of  the  described  array  type. 
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Figure  3-1 
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UPPER  L-BANO  TELEMETRY  AERIALS  FOR  ROCKETS  AND  MISSILES 


J.  MAHONEY 

E.M.I.  Electronics  Limited 
Feltham,  Middlesex 
United  Kingdom 


SUMMARY 


Future  telemetry  systems  on  missiles  and  rockets  are  likely  to  operate  at  Upper  L-Band  frequencies. 
The  advantages  to  be  gained  and  the  problems  likely  to  be  encountered  at  these  higher  frequencies  and  the 
effects  of  change  In  the  radiation  pattern  due  to  Increased  electrical  spacing  between  Individual  aerials 
Is  given  for  a  wide  range  of  missile  diameters.  Methods  of  Improving  the  radiation  pattern  coverage  by 
altering  the  phase  distribution  to  Individual  aerials  and/or  Increasing  the  number  of  aerials  are  des¬ 
cribed.  Effects  caused  by  missile  projections  l.e.  wings  and  tallflns  and  surrounding  structures  such 
as,  launcher  tubes  and  aircraft  fuselage  upon  the  radiation  pattern  are  discussed. 

A  comparison  between  the  performance  of  existing  telemetry  aerials  operating  at  450  MHz  and  various 
prototype  Upper  L-Band  aerials  Is  given.  Problems  relating  to  the  working  environmental  conditions  for  a 
wide  range  of  missile  applications  are  described. 

1 ,  INTRODUCTION 

In  the  United  Kingdom  telemetry  systems  on  missiles  and  rockets  have  operated  almost  exclusively  In 
the  400  to  500  MHz  frequency  band.  Many  aerial  designs  exist  for  use  at  these  frequencies  but 
due  to  congestion  of  frequency  allocation  In  this  band.1t  Is  anticipated  that  a  move  will  be  made  towards 
the  use  of  Upper  L-Band  frequencies  typically,  1,400  to  1,500  MHz. 

2.  IMPLICATIONS  OF  CHANGE 

The  Implications  of  the  change  in  frequency  can  best  be  seen  by  stating  the  basic  problem.  If 
telemetry  aerials  operating  at  450  MHz  be  replaced  by  aerials  operating  at  1,500  MHz,  how  does  the 
radiation  pattern  of  the  missile  change  and  does  the  missile  geometry  Influence  the  change  to  a  greater  or 
lesser  extent?  The  effects  of  Increasing  the  r.f.  frequency  make  themselves  most  obvious  by  virtue  of 
the  Increased  electrical  spacing  between  Individual  aerials.  This  spacing  can  be  defined  In  terms  of  the 
ratio  of  missile  diameter  or  length  to  r.f.  wavelength.  It  Is  better  to  express  the  spacing  In  terms  of 
the  missile  diameter  to  r.f.  wavelength  ratio,  because  a  small  change  In  diameter  will  Influence  the 
radiation  pattern  more  than  a  small  change  In  missile  length.  A  range  of  typical  missile  diameters  Is 
Indicated  In  Table  1  which  tabulates  values  of  (D/X)  at  both  the  old  and  the  anticipated  frequencies. 

TABLE  1 


Diameter  D  cm 

(D/x)  at  450  MHz 

(D/x)  at  1,500  MHz 

5 

0.075 

0.25 

11 

0.165 

0.55 

19 

0.285 

0.95 

20 

0.300 

1.00 

35 

0.525 

1.75 

45  (Skylark) 

0.675 

2.25 

60 

0.900 

3.00 

130 

1.950 

6.50 

2.1  Polar  Diagrams 

The  radiation  pattern  will  be  determined  by  the  distribution  of  energy  from  the  aerials  mounted  on 
the  missile.  Table  1  shows  there  Is  an  overlap  In  values  of  D/x  at  both  the  old  and  new  frequencies. 
Therefore  the  patterns  on  the  smaller  diameter  missiles  at  L-Band  frequencies,  should  be  similar  to  those 
obtained  at  the  old  frequencies  on  some  of  the  larger  diameter  missiles.  These  patterns  will  however  be 
modified  by  missile  projections  e.g.  wings  and  tallflns,  especially  If  the  aerials  are  In  close  proximity 
to  them. 

2.2  Electrical  Performance 

The  electrical  performance  of  an  aerial  depends  upon  the  size,  shape  and  location  of  the  aerial  on 
the  missile.  The  most  commonly  used  aerials  e.g.  monopole,  slot  and  notch,  require  a  flat  ground  plane 
of  at  least  5 x  In  diameter  for  good  Impedance  characteristics  and  polar  diagram  patterns.  In  practice 
this  Is  seldom  possible  to  arrange  and  a  reduction  In  ground  plane  size  will  degrade  the  patterns, 
lower  the  V.S.W.R.  and  reduce  the  bandwidth  of  the  aerial.  The  electrical  performance  of  L-Band 
aerials  will  be  Improved  due  to  tho  Increased  electrical  size  of  the  ground  plane,  and  hence  It  will  be 
easier  to  achieve  a  good  Impedance  match  on  the  smaller  diameter  missiles. 
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2.3  Mechanical  Performance 

From  the  mechanical  point  of  view,  the  Introduction  of  aerials  operating  In  the  Upper  L-Band 
frequency  range  offer  distinct  advantages.  These  advantages  stem  mainly  from  the  possibility  of  achieving 
considerable  reductions  In  the  overall  dimensions  of  aerials  at  such  short  wavelengths.  This  In  turn 
will  lead  to  an  all-round  Improvement  In  the  aerodynamic  and  thermodynamic  behaviour  of  Individual  aerials 
under  all  conditions  of  flight.  Further  advantages  can  be  envisaged  In  terms  of  Increased  reliability 
during  subjection  to  a  wide  range  of  environmental  conditions,  and  the  ability  to  offer  aerials  having 
minimal  drag.  One  point  that  needs  further  consideration,  however,  Is  to  what  extent  the  aerodynamic 
advantages  to  be  gained  from  using  L-Band  aerials,  are  offset  by  the  need  for  possibly  a  greater  number  of 
aerials  per  missile  to  achieve  adequate  pattern  coverage. 

2.3.1  Aerodynamic  and  Thermodynamic  Considerations 

If  we  assume  that  the  general  upward  trend  In  missile  speeds  will  continue  to  rise  at  a  similar 
rate  In  the  future,  then  as  a  general  rule,  It  would  be  true  to  say  that  the  aerodynamic  pressures  and 
thermodynamic  heating  of  externally  mounted  aerials  will  also  continue  to  rise.  Therefore  It  Is  likely 
that  certain  existing  aerial  designs,  and  choice  of  materials,  will  need  to  be  reconsidered  In  the  very 
near  future. 

Studies  on  recent  missiles  have  shown  that  aerials  operating  In  the  UHF  telemetry  range  having 
quarter  wavelength  spikes  In  the  order  of  17  cm.  long  with  typical  root  diameters  of  6  to  7  mm,  would  be 
aerodynamics lly  unacceptable  on  small  diameter  missiles  where  the  drag  of  external  features  often  becomes 
significant.  This  has  necessitated  aerial  designs  having  reduced  spike  diameters  and  greater  sweepback, 
thereby  reducing  the  drag  to  acceptable  levels,  but  at  the  same  time  Increasing  the  stress  levels  In  the 
aerial  and  base  assemblies,  so  requiring  greater  care  In  the  selection  of  suitable  materials. 

On  the  question  of  thermodynamic  heating,  the  point  has  now  been  reached  where  the  use  of  certain 
materials  such  as  epoxy  resin  adhesives,  dielectrics,  etc.,  Is  becoming  marginal  at  elevated  temperatures, 
particularly  on  aircraft-carried  missiles  where  the  aerials  can  be  subjected  to  high  temperature  'soaks' 
for  relatively  long  periods  prior  to  launch.  The  dimensions  of  the  L-Band  aerials  will  be  reduced  to 
approximately  one  third  due  to  the  shorter  wavelength.  Such  aerials  with  their  lower,  slender  profiles 
will  produce  quite  low  aerodynamic  drag  even  at  high  Mach  numbers  In  the  lower  atmosphere. 

Since  telemetry  aerials  are  frequently  located  on  the  forward  section  of  the  missile.  It  Is 
Important  that  they  should  not  trigger  turbulent  flow  prematurely,  and  thus  Increase  the  friction  drag 
component  of  the  missile  bodytube.  Therefore,  any  reduction  In  aerial  size  would  be  beneficial  In  this 
respect,  apart  from  reducing  the  pressure  drag  component  acting  on  the  aerial  itself. 

2.4  Effect  of  Surrounding  Structures 

If  an  aerial  Is  sited  close  to  a  projection  on  a  missile  the  radiated  signal  which  Illuminates  the 
projection  will  be  diffracted.  Large  currents  may  be  Induced  In  the  projection  and  both  of  these  effects 
will  modify  the  radiation  pattern.  The  degree  of  modification  Is  dependant  upon  the  size,  shape  and 
distance  the  projection  Is  from  the  aerial.  L-Band  aerials  can  be  sited  nearer  to  a  missile  projection 
than  UHF  aerials,  before  their  presence  modifies  the  polar  diagram  pattern  of  the  missile.  The  distance 
Is  expressed  as  a  function  of  wavelength  as  explained  In  sub  section  2.4.1.  The  Impedance  of  the  aerial 
Is  also  affected  but  to  a  lesser  extent. 

2.4.1  Aerials  Close  to  Projections  on  a  Missile 

If  a  vertically  polarised  aerial  e.g.  blade  or  spike,  Is  located  not  more  than  half  a  wavelength 
from,  and  parallel  to,  a  fin  of  substantially  the  same  dimensions,  then  large  currents  may  be  Induced  In 
the  fin  because  the  fin  Is  grounded  to  the  earth  plane  of  the  aerial.  If  the  fin  is  longer  than  a 
quarter  wavelength,  the  maximum  radiation  will  be  in  the  direction  away  from  the  fin  and  the  fin  acts  as  a 
reflector.  If  the  fin  Is  shorter  than  a  quarter  wavelength,  the  maximum  radiation  will  be  towards  the 
fin  and  the  fin  acts  as  a  director. 

This  characteristic  could  be  used  to  provide  a  forward  or  rearward  looking  radiation  pattern, 
although  a  distortion  In  the  radiation  pattern  Implies  a  gain  In  some  direction  since  the  total  radiated 
power  remains  constant.  The  effects  of  diffraction  upon  the  radiation  pattern  of  an  aerial  In  line  and  at 
a  distance  of  U  and  lOx  from  a  streamlined  projection  has  been  shown  by  (CARY,  R.H.J.,  1951).  The 
effects  are  least  when  the  aerial  Is  most  distant  from  the  projection  and  when  the  luster  has  small 
dimensions.  If  the  projection  Is  normal  to  the  aerial,  Instead  of  parallel  to  It,  the  disturbances  are 
greatly  reduced.  The  Impedance  of  an  aerial  changes  as  the  mutual  coupling  between  the  aerial  and  the 
fin  Increases. 

2.4.2  Missile  Mounted  Under  Aircraft  Fuselage 

The  radiation  pattern  of  the  missile  will  be  affected  by  the  wings  and  fuselage  of  the  aircraft, 

and  Is  analogous  to  an  aerial  mounted  on  a  cylinder  above  a  shaped  finite  ground  plane.  The  pattern  will 

be  modified  by  the  dimensions  and  shape  of  the  wings  and  fuselage,  and  also  the  distance  the  missile  Is 
from  them.  A  theorectlcal  analysis  of  the  radiation  pattern  is  difficult  due  to  the  shape  of  the  aircraft 
and  model  measurements  are  necessary. 

2.4.3  Missile  Enclosed  by  Launcher  Tube 

Missiles  are  sometimes  fired  from  launcher  tubes  attached  to  the  fuselage  and/or  wings  of  an 
aircraft  or  alternatively  from  ground  bases.  The  radiation  pattern  will  be  severely  affected  by  the 
proximity  of  the  metallic  launching  tube,  and  determined  by  the  amount  of  radiation  leaking  from  the 
partially  or  totally  enclosed  tube.  Nulls  In  the  radiation  pattern  can  easily  bt  20  dB  down  from  the 

free  space  condition,  causing  In  the  worst  case,  loss  of  transmission  from  the  missile.  The  Impedance  of 
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the  aerial  Is  altered  due  to  the  Increased  capacitance  between  the  spike  tip  or  across  the  mouth  of  a  slot 
aerial  and  the  tube,  causing  a  lower  V.S.W.R.  at  the  aerial  Input. 

3.  AERIAL  SPECIFICATION 

System  requirements  will  determine  whether  a  linearly  or  circularly  polarised  aerial  Is  to  be  used. 
If  the  drag  of  an  external  aerial  cannot  be  tolerated  or  alternatively  If  the  gap  between  a  missile  and 
the  launcher  tube  Is  small,  then  a  suppressed  aerial  has  to  be  fitted.  Consideration  must  be  given  to 
the  location  and  number  of  aerials  required  to  provide  adequate  radiation  pattern  coverage  for  each 
missile.  Much  Information  can  be  obtained  from  the  radiation  patterns  In  three  mutually  perpendicular 
planes,  commonly  known  as  the  principal  radiation  planes.  The  most  Important  of  these  are  the  azimuth 
and  the  transverse  elevation  planes,  and  Flg.l  shows  their  disposition  with  respect  to  a  missile. 

Radiation  patterns  In  general  should  be  omnidirectional  In  the  transverse  elevation  plane  with  good  rear¬ 
ward  coverage  In  all  other  planes.  (SCOTT,  W.G.  &  SOO  H00,  K.M.,  1966)  have  demonstrated  that  the 
radiation  pattern  of  an  aerial  without  nulls  must  contain  all  polarisations  from  right  hand  circular,  via 
linear  to  left  hand  circular.  However,  to  take  advantage  of  this  result  the  ground  receiving  station 
must  also  respond  to  all  polarisations.  The  missile  may  have  to  be  roll  stabilised  If  the  stability  of 
the  missile  affects  the  performance  of  the  telemetry  link  from  the  missile  to  the  receiving  station. 

To  obtain  maximum  transfer  of  power  between  the  transmitter  or  receiver  and  aerial,  the  Impedance 
of  the  aerial  should  match  the  characteristic  Impedance  of  the  feeder  cable  which  connects  them.  The 
impedance  should  remain  constant  over  the  range  of  operating  frequencies  but  Is  limited  by  the  Standing 
Have  Ratio.  The  majority  of  telemetry  aerials  are  matched  to  50  ohms  and  the  V.S.W.R.  measured  at  the 
r.f.  connector  Is  greater  than  0.8. 

Most  missile  aerials  operate  under  hostile  environmental  conditions.  For  example.  If  a  missile 
travels  to  high  altitudes  then  corona  discharge  may  take  place  resulting  In  a  subsequent  reduction  In 
signal  strength  received  by  the  ground  station.  By  reducing  sharp  corners  and  Increasing  element  and 
base  diameters  the  power  (assuming  same  pressure)  at  which  corona  takes  place  Is  Increased.  Alternatively, 
the  missile  may  travel  close  to  the  sea  and  sometimes  through  the  crests  of  waves.  In  the  latter 
condition  the  aerial  would  look  like  a  partial  short  circuit  resulting  In  an  Increase  In  reflected  power 
which  could  upset  the  telemetry  transmitter.  Aerials  are  environmentally  tested  to  British  Standard 
2G100  and  other  similar  specifications.  These  tests  Include  vibration,  acceleration,  climatic,  water¬ 
proofness,  salt  corrosion.  Ice  formation  and  compass  safe  distance. 

4.  REVIEW  OF  SUITABLE  AERIAL  DESIGNS 

Missile  aerials  can  be  categorised  as  either  external  or  suppressed  aerials.  External  aerials 
protrude  from  the  surface  of  the  missile,  whereas  suppressed  aerials  are  contoured  and  fit  flush  to  the 
surface  of  the  missile.  Details  of  aerials  that  could  be  used  for  missile  telemetry  applications  at 
Upper  L-Band  frequencies  are  shown  In  Table  2. 


TABLE  2 


Aerial  type 

Radiation 

Pattern 

Polarisation 

Typical 

Dimensions 

H  -  Height 

D  -  Diameter 

Typical 
Bandwidth  for 
a  V.S.W.R. 
of  0.66 

External 

Spike  &  Blade 

Azimuth  - 
omnidirectional 

linear 

H-5  cm 

D-0.4  cm 

5%  with  stub 
compensation 

Short  Helical; 

Conical  Helix 
Cylindrical  Helix 

Broad 

Beam 

circular 

circular 

H-l .34  cm  D-0.5  cm 
H-0.8  cm  D-0.5  cm 

Under  1* 

Equiangular: 

Planar  Spiral 

Conical  Spiral 

Broad 

Beam 

circular 

circular 

D-28  cm 

H-l 6  cm  D-8  cm 

Large 

Large 

Archimedean 

Planar  Spiral 

Broad 

Beam 

circular 

D-17  cm 

Large 

Suppressed 

Slot 

Depends  on  missile 
diameter 

linear 

Length  10  cm 

Width  0.5  cm 

4% 

Crossed  Slots 
when  fed  In  phase 
quadrature 

Depends  on  missile 
diameter 

circular 

4% 

Notch 

Broad  Beam; 
depends  on  the 
size  of  the  Missile 
projection 

linear 

Length  4  cm 

6* 

An  analysis  of  the  Information  In  Table  2  reveals  the  following: 

(a)  Each  category  contains  a  number  of  linearly  and  circularly  polarised  aerials. 

(b)  Short  helical  aerials  are  essentially  single  frequency  devices. 

(c)  Spiral  aerials  are  generally  too  large  to  fit  the  smaller  diameter  missiles. 

(d)  Slot  aerials  would  have  to  be  contoured  to  suit  the  missile  bodytube. 

6.  CALCULATION  OF  RADIATION  PATTERNS 

It  Is  possible  to  calculate  certain  aspects  of  the  expected  patterns  relatively  easily,  but  other 
aspects  present  greater  difficulty  and  require  numerical  techniques  to  achieve  any  success.  The  pattern 
aspect  that  can  be  computed  easily  demonstrates  the  distribution  of  energy  around  the  missile  diameter  by 
aerial  elements  placed  on  an  Infinite  cylinder.  Solutions  to  the  problem  have  been  known  for  dipoles  and 
slots  for  a  long  time,  and  (WAIT,  J.R.,  1959)  Includes  a  comprehensive  survey  of  the  available  literature. 

Computations  have  been  carried  out  for  a  range  of  D/x  ratios  using  simple  ty4  monopoles,  mounted 
radially  on  a  cylinder  of  diameter  D  as  Illustrated  In  Figs.  2,  3  &  5. 

5.1  Radiation  Patterns  of  a  Single  Monopole  Aerial 

The  patterns  shown  In  Fig. 2  Indicate  the  gradual  Increase  In  the  shadowing  effect  for  an  Increase  In 
missile  diameter.  The  patterns  also  exhibit  two  complete  nulls  which  are  directly  In  line  with  the 
radiating  element,  and  are  due  to  the  Inability  of  such  dipole  like  elements  to  radiate  In  directions 
along  their  own  length. 

Although  for  the  smaller  diameter  sizes  a  reasonable  distribution  Is  obtained,  for  the  larger  sizes 
It  Is  necessary  to  Include  more  than  one  aerial  to  overcome  the  shadowing  effect.  This  Is  sumnarlsed  In 
Table  3  where  the  percentage  of  angles  for  which  the  level  exceeds  the  average  and  (average  -  10  dB) 
levels  respectively  Is  Indicated.  This  average  level  must  not  be  confused  with  the  overall  aerial  gain 
since  It  only  applies  to  the  transverse  elevation  plane. 

TABLE  3 


D/X 

Percentage  for  which  level 

Is  greater  than: 

average 

average  -  10  dB 

0.063 

57 

87 

0.25 

56 

82 

0.67 

65 

85 

1.83 

51 

B8 

3.08 

50 

83 

Although  Table  3  does  show  a  trend  of  reduced  coverage  as  diameter  Increases,  It  Is  not  repeated  In 
such  an  obvious  manner  at  the  -10  dB  below  average  level.  However,  the  accuracy  of  computation  was  not 
so  great  here.  It  Is  possible  to  fill  the  null  directly  In  line  with  the  aerial  by  using  a  raked  spike 
aerial  for  Instance,  although  this  does  not  do  the  same  on  the  opposite  side  of  the  missile  and  a  shadow 
area  still  remains. 

5.2  Radiation  Patterns  of  Two  Monopole  Aerials 

In  an  attempt  to  Improve  the  all  round  coverage  a  pair  of  simple  monopole  aerials  have  often  been 
used.  For  small  diameter  cylinders  It  Is  necessary  that  they  be  energised  so  that  the  contributions  from 
each  aerial  add  In  phase  as  much  as  possible.  This  means  In  effect  that  they  must  be  energised  180"  out 
of  phase,  and  since  they  point  In  opposite  directions  their  contributions  are  finally  brought  back  Into 
phase.  Fig. 3  Illustrates  the  resulting  patterns  for  the  range  of  D/x  previously  used  and  Table  4 
summarises  the  degree  of  coverage  obtained. 


TABLE  4 


D/X 

Percentage  for  which  level 

Is  greater  than: 

average 

average  -  10  dB 

0.063 

56 

90 

0.25 

53 

60 

0.67 

36 

73 

1.83 

42 

90 

3.08 

42 

89 
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For  the  larger  diameters  there  Is  a  very  obvious  Interference  pattern  In  this  plane  and  the  coverage 
obtained  Is  now  no  longer  very  dependent  on  the  aerial  phasing  which  could  be  allowed  to  take  on  any  value 
as  far  as  coverage  In  this  plane  Is  concerned. 

A  comparison  of  Table  4  with  the  previous  one  does  not  Immediately  show  any  significant  Improvement 
In  the  coverage  obtained  by -using  two  aerials,  except  perhaps  at  the  -10  dB  below  average  level  where 
there  Is  a  slight  Improvement.  However,  there  Is  a  more  uniform  distribution  In  general  with  two  aerials 
since  the  angular  sectors  over  which  these  levels  fall  below  the  specified  level  are  smaller.  A  more 
significant  improvement  Is  obtained  when  raked  aerials  are  used  since  the  regions  of  low  coverage  are  now 
Improved  on  both  sides  of  the  missile. 

5.3  Radiation  Patterns  of  Four  Monopole  Aerials 

Four  simple  spike  aerials  can  be  utilised  on  the  smaller  diameter  missiles  to  produce  almost  perfect 
coverage  In  the  sense  Indicated  by  (SCOTT,  W.G.,  &  SOQ  H00,  K.M.,  1966).  This  Is  achieved  by  placing  the 
four  aerials  uniformly  around  the  diameter  and  energising  them  to  produce  circular  polarisation  of 
opposite  hands  along  either  direction  of  the  cylinders  longitudinal  axis  and  linear  polarisation  In  the 
transverse  elevation  plane.  This  Is  Identical  In  effect  to  a  turnstile  aerial  system.  As  the  cylinder 
diameter  Is  Increased  however,  the  transverse  coverage  worsens  and  breakup  occurs  due  to  Increased  aerial 
spacing. 

Fig. 4  Illustrates  the  degree  of  coverage  obtained  with  this  arrangement  as  a  function  of  cylinder 
diameter  to  r.f.  wavelength.  This  figure  plots  the  ripple  In  the  transverse  elevation  plane  l.e.  ratio 
of  maximum  to  minimum  levels  obtained  around  the  cylinder.  If  a  10  dB  ripple  level  Is  considered  to  be 

acceptable  then  the  coverage  obtained  Is  satisfactory  for  all  D/x  ratios  up  to  1.25  except  for  a  small 

range  of  ratios  between  0.55  and  0.9.  The  excessive  ripple  occurring  at  this  diameter  (l.e.  D  =>  0.7x), 

Is  due  to  the  coincidence  In  angle  of  an  Interference  null  In  this  direction  obtained  between  pairs  of 

opposite  aerials.  Such  nulls  are  also  repeated  at  closer  spacing  as  the  diameter  Is  Increased.  Fig. 5 
Illustrates  the  patterns  obtained  for  a  range  of  D/x  ratios.  The  use  of  raked  aerials  as  opposed  to 
conventional  monopoles  will  alter  this  picture  and  could  possibly  Improve  the  coverage. 

5.4  Radiation  Patterns  of  More  than  Four  Monopole  Aerials 

It  is  possible  to  extend  the  range  of  cylinder  diameters  up  to  which  good  coverage  Is  obtainable  by 
Increasing  the  number  of  elementary  radiators  around  the  circumference.  Some  calculations  have  been  made 
with  6  and  8  radiators  which  suggest  that  pattern  ripple  could  be  contained  within  less  than  10  dB  for  all 
the  diameters  being  considered  (l.e.  up  to  D/x  -  3.08  at  least). 

5.5  Effect  of  Missile  Length 

The  theory  used  to  compute  the  radiation  pattern  In  directions  around  the  cylinder,  can  he  used  to 
compute  the  pattern  In  other  directions  as  shown  by  (WAIT,  J.R.,  1959  &  SINCLAIR,  G.  1951).  Complete 
pattern  calculations  can  be  made  but  these  only  refer  to  aerials  mounted  on  a  plain  cylinder  of  Infinite 
length.  In  some  cases,  such  calculations  can  be  useful  In  predicting  results  but  usually  the  finite 
length  of  the  cylinder  produces  marked  differences  In  the  pattern. 

A  number  of  authors  Including  (KUEHL,  H.H.,  1961  t  BALANIS,  C.A.,  1970)  have  considered  this  problem 
using  different  mathematical  techniques  with  various  degrees  of  success.  The  usefulness  of  such 
solutions  for  a  given  missile  configuration  are  not  too  clear  at  the  present  time,  because  the  real  problem 
Is  found  when  It  Is  realised  that  missiles  do  not  consist  of  perfect  finite  length  cylinders.  They  have 
fins  and  wings  etc.,  which  have  a  pronounced  effect  on  the  pattern  shape  particularly  In  the  rearward 
direction  where  telemetry  reception  Is  usually  of  most  Importance. 

5.6  Electrical  Resonances  Caused  by  Discontinuity  In  Missile  Airframes 

It  Is  very  difficult  to  calculate  the  effects  produced  by  a  discontinuity  In  the  missile  airframe 
causing  electrical  resonances  which  affect  the  radiation  pattern.  For  example,  If  a  notch  Is  cut  Into  a 
wing  which  pivots  about  a  central  axis,  the  gap  between  the  body  of  the  missile  and  the  root  of  the  wing 
could  produce  an  electrical  resonance.  The  radiation  pattern  and  the  V.S.W.R.  of  the  notch  will  be 
affected  If  the  length  of  the  gap  from  the  leading  and  trailing  edges  of  the  wing  to  the  pivot  axis  Is 
approximately  x/4.  These  effects  can  easily  be  seen  by  making  model  radiation  pattern  measurements. 

6.  PROTOTYPE  AERIAL  DESIGNS  AND  EXPERIMENTAL  RESULTS 

The  most  generally  used  450  MHz  telemetry  aerials  are  the  spike,  blade,  notch  and  slot.  These 
aerials  are  more  attractive  at  1,500  MHz  due  to  their  reduced  dimensions  and  Figs.  6,  7,  8,  9  and  12  show 
prototype  designs  which  are  described  below: 

6.1  Spike  Aerials 

Fig. 6  Illustrates  variations  of  the  conventional  x/4  resonant  spike  aerial  Including  dimensions  for 
operation  at  both  450  and  1,500  MHz.  These  aerials  combine  simplicity  with  raggedness  and  a  vertical 
cylindrical  spike  can  be  tuned  to  cover  a  5*  bandwidth  with  a  V.S.W.R.  better  than  0.66.  The  drag  on  a 
1,500  MHz  spike  aerial  Is  approximately  75*  less  than  one  operating  at  450  MHz  and  can  be  further  reduced 
by  raking  and  tapering  the  spike.  Raking  the  spike  produces  a  marked  Increase  In  the  H  -  plane  radiation 
pattern  and  alto  a  lower  Impedance  and  reduced  bandwidth.  These  aerials  can  withstand  high  temperatures 
providing  a  stainless  steel  rod  and  good  base  Insulators  are  used. 

6.2  Notch  Aerials 

The  notch  or  open  ended  slot  has  been  described  In  detail  by  (JOHNSON,  W.A.,  1955).  Using  Bablnets 
principle  a  notch  cut  Into  a  finite  metallic  sheet  can  be  shown  to  have  the  same  radiation  pattern  (except 
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for  changes  In  polarisation)  as  a  complementary  monopole  protruding  from  the  edge  of  a  complementary 
sheet.  Notch  aerials  have  been  cut  Into  the  trailing  edges  of  a  missile  tallfln  and  the  radiation 
pattern  produced  Is  nearly  omnidirectional  In  the  azimuth  plane  and  directional  towards  the  rear  of  the 
missile  In  the  fore  and  aft  plane.  The  Impedance  at  the  mouth  of  the  notch  Is  very  high,  typically 
1,000  n  for  a  notch  length  of  0.2 x dielectric. 

At  1,500  MHz  the  length  of  the  notch  Is  approximately  4  cm  and  the  short  circuited  portion  beyond 
the  feed  point  In  Fig. 7  can  be  treated  as  compensating  reactance,  whilst  further  compensation  can  be 
obtained  by  adding  parallel  capacitance  across  the  feed  point  or  mouth  of  the  notch.  Bandwldths  of  10% 
have  been  achieved  for  a  V.S.W.R.  of  0.5  and  could  be  extended  by  varying  the  notch  width  to  produce  a 
tapered  transmission  line.  Fig. 8  shows  a  notch  blade  aerial  which  Is  capable  of  operating  over  nearly 
twice  the  frequency  bandwidth  of  the  spike  aerial.  The  drag  of  the  blade  Is  slightly  higher  than  that 
for  the  spike,  although  It  Is  small  when  compared  to  other  aerials  operating  at  450  MHz.  The  blade  body 
can  be  produced  In  steel  or  light  alloy  as  a  casting  or  machining, and  the  notch  loaded  with  a  suitable 
dielectric  material  of  a  non-charring  type. 

6.3  Sleeve  Aerial 

Fig. 9  shows  a  sleeve  aerial  which  Is  new  to  missile  work  although  It  has  been  used  successfully  In 
communication  and  navigational  systems  on  civil  and  military  aircraft.  It  Is  a  variant  of  the  x/4 
resonant  monopole  In  which  the  outer  conductor,  attached  to  the  ground  plane,  surrounds  part  of  the  length 
of  the  Inner  radiating  conductor.  When  the  outer  conducto>"  Is  approximately  x/8  above  the  ground  plane 
and  the  remaining  Inner  conductor  bent  so  that  It  Is  parallel  to  the  ground  plane,  the  Impedance  Is 
approximately  50  ohms.  The  advantage  of  the  sleeve  aerial,  with  respect  to  the  spike  aerial,  lies  In  Its 
reduced  height  and  Increased  bandwidth,  typically  15%  for  a  V.S.W.R.  of  0.55  without  stub  compensation. 
Aerodynamical ly,  this  type  of  aerial  has  no  great  advantage  over  the  blade  or  spike  and  the  radiation 
pattern  Is  similar. 


6.4  Slot  Aerial 

The  counterpart  of  the  x/2  dipole  Is  the  rectangular  slot  cut  In  a  large  metallic  ground  plane.  The 
length  of  the  slot  Is  x/2  and  width  simply  related  to  the  dipole  cross-section.  The  radiation  pattern  Is 
similar  to  that  of  the  dipole  but  the  radiation  Is  horizontally  polarised  when  that  of  the  dipole  Is 
vertical.  The  Impedance  of  a  centre-fed  slot  radiating  on  both  sides  Is  482  ohms,  which  Is  doubled  when 
the  radiation  from  one  side  Is  suppressed.  Successful  matching  to  50  ohms  can  be  achieved  by  a  probe 
extending  Into  the  cavity  behind  the  slot,  or  alternatively  off-centre  direct  feeding  can  be  used.  The 
slot  aerial  Is  attractive  at  L-Band  and  higher  frequencies  because  It  offers: 

(a)  A  reduction  In  drag  compared  to  external  aerials. 

(b)  Slot  aperture  under  10  cm  long  and  narrow  at  1,500  MHz. 

(c)  If  the  cavity  depth  Is  reduced  by  dielectric  loading,  a  stripline  version  of  the  aerial  could 

be  adhered  to  the  surface  of  the  missile. 

(d)  The  polarisation  can  be  changed  from  linear  to  circular  by  using  crossed  slots,  or  by  loading 

the  slot  with  a  parasitic  dipole  and  feeding  both  elements  In  phase  quadrature. 

Longitudinal  and  circumferential  slots  cut  Into  the  surface  of  cylinders  have  been  Investigated  by  a 
number  of  authors  Including  (WAIT,  J.R.,  1959  1  SINCLAIR,  G.,  1951).  A  longitudinal  slot  cut  Into  the 
surface  of  a  horizontal  cylinder  produces  a  vertically  polarised  field  which  Is  essentially  circular  In 
the  transverse  elevation  plane  providing  the  0/x  ratio  does  not  exceed  0.125.  Increasing  the  diameter  of 
the  cylinder  causes  the  pattern  to  gradually  change  In  shape  to  a  cardlold,  although  pronounced  nulls 
occur  behind  the  slot  when  0/x  >  1  as  Illustrated  In  Fig. 10.  Fig. 10  also  compares  the  radiation 
patterns  between  a  longitudinal  and  clrcumferenclal  slot  aerial  having  the  same  D/x  ratio.  The  slot 
aerial  has  deep  nulls  In  the  radiation  pattern  at  the  narrow  slot  ends  and  to  obtain  good  omnidirectional 
and  rearward  coverage  two  clrcumferenclal  slots  are  generally  used,  although  this  arrangement  Is  restricted 
to  the  medium  and  laraer  missile  diameters.  Fig. 11  shows  the  pattern  variation  between  two  diametrically 
opposite  clrcumferenclal  slots  fed  In  phase  and  In  anti-phase.  The  radiation  pattern  In  the  other  major 
planes  depends  mainly  upon  the  length  of  the  cylinder  and  can  best  be  determined  by  using  a  scaled  model. 
The  bandwidth  of  a  slot  aerial  Is  similar  to  a  complementary  dipole  typically  8%  for  a  V.S.W.R.  of  0.5 
which  can  be  marginally  Improved  by  Increasing  the  width  of  the  slot,  although  the  length  to  width  ratio 
should  remain  approximately  equal  to  three. 

6.5  Printed  Board  Aerials 

Several  attempts  have  been  made  In  recent  years  to  manufacture  Inexpensive  printed  board  telemetry 
aerials  which  can  be  attached  to  the  outer  surface  of  a  missile.  A  new  version  of  such  an  aerial 
described  by  (EBERS0L,  E.T.,  1973),  has  been  designed  to  operate  at  L-Band  frequencies.  The  aerial 
consists  of  a  square  metal  plate  supported  by  a  dielectric  substrate  above  a  metallic  ground  plane  and 
connection  to  a  coaxial  transmission  line  is  made  from  the  centre  of  one  edge  of  the  square  as  shown  In 
Fig. 12.  A  satisfactory  performance  Is  obtained  when  the  sides  of  the  square  are  x/2  Iona  measured  In  the 
dielectric  material  and  the  minimus  size  of  the  ground  plane  Isl.OX.  The  aerial  Is  linearly  polarised  with 
the  electric  vector  perpendicular  to  the  excited  edge  and  typical  radiation  patterns  are  shown  In  Fig. 13. 
The  radiation  mechanism  of  the  aerial  appears  to  be  due  to  fringing  fields  present  at  both  the  excited  and 
opposite  edges.  Successful  attempts  have  been  made  to  produce  a  clrcu’  rly  polarised  aerial  by  feeding 
two  adjacent  edges  In  phase  quadrature  via  a  hybrid  junction.  The  chief  disadvantage  of  the  aerial  as 
presently  utilised  Is  due  to  the  small  available  bandwidth  typically  not  more  than  5%  for  a V.S.W.R.of  0.4. 
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Computed  Radiation  Pattern*  of  a  Single  Monopole  Aerial  Mounted  on  a  Cylinder  of  Diameter  D. 
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FOUR  AERIALS  MOUNTED  ON 
CYLINDER  OF  DIAMETER  D 


Fig. 4.  Computed  Radiation  Pattern  Ripple  In  the  Transverse  Elevation  Plane  for  various  D/A  Ratios. 


Fig. 5.  Computed  Radiation  Patterns  of  Two  pairs  of  Monopoles  Fed  In  Phase  Quadrature  on  a  Cylinder 
of  Diameter  D. 


Fig. 6.  A/4  Resonant  Spike  Aerial. 
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Fig. 7.  Notch  Cut  Into  the  Trailing  Edge  of  a  Missile  Tall  Fin 
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ELECTRONICALLY  SCANNED  TACAN  ANTENNA 
AS  AN  ENROUTE  AND  TERMINAL  NAVIGATIONAL  AID 


Edward  J.  Christopher 
Rome  Air  Development  Center 
Griffiss  Air  Force  Base,  New  York  13441 


SUMMARY 

This  paper  describes  the  principles  of  operation  of  present  mechanically  rotated  TACAN  (Tactical  Air 
Naviqation)  antenna  systems  and  addresses  their  performance  characteristics. 

The  manner  in  which  these  characteristics  may  be  Improved  is  addressed  in  an  analysis  of  two  (2) 

United  States  Air  Force/Rome  Air  Development  Center  (RADC)  contractual  efforts  which  have  resulted  in  the 
design,  fabrication  and  test  of  two  (2)  experimental  models  of  an  electronically  scanned  TACAN  antenna. 

RADC  performed  these  efforts  under  the  sponsorship  of  the  AIMS/TRACALS  System  Program  Office,  Hanscom 
Field,  Bedford,  Massachusetts. 

A  TACAN  antenna  capable  of  providing  full  band  operation  and  electronic  scanning  In  a  single  radiating 
structure  has  been  demonstrated.  The  array  approach  permits  elevation  pattern  shaping.  Through  a 
combination  of  steep  pattern  slope  at  the  horizon  and  low  side  lobes  below  the  horizon,  siting  is  less 
sensitive,  i.e.  bearing  errors  over  the  required  spacial  coverage  of  the  TACAN  system,  which  are  introduced 
by  the  antenna  environment,  are  minimized.  There  are  no  movinq  parts  that  require  preventive  maintenance 
and  modular  design  should  allow  most  repairs  to  be  made  in  the  field,  reducing  both  mean  time  and  mean 
cost  to  repair  when  compared  with  existing  mechanical  systems. 

1 .  INTRODUCTION 

TACAN  is  an  air  naviqation  system  that  provides  to  an  aircraft  its  distance  and  bearinq  from  a  ground 
beacon  within  line  of  sight  ranqe.  A  brief  explanation  of  TACAN  system  operation  is  given  because  a 
primary  system  function,  that  of  providing  bearinq  or  azimuth  information.  Is  accomplished  solely  by  the 
antenna  subsystem.  The  key  performance  requirements  of  the  antenna  are  critical  to  TACAN  operation,  and 
the  TACAN  function  should  be  understood  prior  to  discussion  of  the  theory  and  design  considerations  of  a 
cylindrical  electronically  scanned  array  for  application  to  the  TACAN  system.  Fiqure  1  illustrates 
the  sequence  of  events  Involved  between  interrogation  by  the  aircraft  and  the  reply  from  the  ground 
beacon  transponder. 

2.  PERFORMANCE  REQUIREMENTS 

The  purpose  of  the  TACAN  qround  station  Is  to  transmit  slqnals  that  enable  an  aircraft,  equipped  with 
multi-channel  TACAN  equipment,  to  fix  its  position  relative  to  the  qround  station.  The  position  is 
indicated  as  the  distance  In  nautical  miles  of  the  aircraft  from  the  ground  station,  and  the  magnetic 
bearinq  from  the  aircraft  to  the  qround  station.  Because  the  system  operates  at  ultra-hiqh  frequencies, 
transmission  is  limited  to  line  of  slqht  between  the  antenna  of  the  TACAN  qround  station  and  the  aircraft. 

A  number  of  qround  stations  are  necessary  to  cover  a  larqe  geographical  area,  therefore,  a  multi-channel 
system  is  used.  Each  qround  station  Is  capable  of  receiving  air-t.o-qround  interrogations  on  any  one  of 
the  two-hundred  and  fifty-two  (252)  assiqned  channels  using  one-hundred  and  twenty-six  (126)  frequencies 
from  1025  to  1150  MHz  and  each  qround  station  can  respond  on  any  one  of  two-hundred  and  fifty-two  (252) 
frequencies  from  962  through  1215  MHz  depending  on  channel  assignment. 

The  basic  elements  of  the  qround  station  equipment  comprises  a  radio  beacon  set;  an  antenna;  power 
supplies,  control,  test,  and  monitor  units.  The  qround  station  pulsed  signal  consists  of  distance 
measuring  equipment  (DME)  replies,  bearinq  reference  signals,  random  pulses  and  station  identification 
signals.  The  airborne  equipment  Includes  a  multi-channel  transceiver  and  visual  bearinq  and  distance 
indicators. 

3.  PRINCIPLE  OF  OPERATION 

When  the  pilot  selects  a  qround  station,  the  airborne  transmitter  sends  out  distance  interrogation 
pulses  on  the  receiving  channel  frequency  assigned  to  the  oround  station.  As  the  pulses  are  received 
by  the  qround  station,  it  trigqers  the  transmitter,  sendinq  out  reply  pulses  on  its  assigned  transmitting 
channel.  Timinq  circuits  on  the  aircraft  measure  the  time  intervals  between  the  Interrogation  and  reply, 
and  convert  the  time  difference  into  a  signal  which  operates  the  distance  indicator. 

Bearinq  information  originates  at  the  qround  station  end  is  multiplexed  with  the  distance-measuring 
slqnals.  The  Information  derived  at  the  aircraft  Is  the  compass  heading  (from  magnetic  north)  from  the 
aircraft  to  the  qround  station.  The  aircraft  obtains  this  bearinq  by  comparing  the  phase  of  two  (2) 
modulated  components  Imposed  on  the  ground  station  transmitted  signal  output  with  the  time  occurrence 
of  reference  signal  bursts  also  transmitted  by  the  qround  station.  The  qround  antenna  azimuth  pattern, 
which  is  rotating.  Impresses  this  amplitude  modulation  on  the  pulse  train  of  the  transmitter,  resulting 
in  the  siqnal-ln-space  from  which  bearinq  is  derived. 

Present  qround  beacon  directional  patterns  are  obtained  from  mechanically  rotated  antenna  systems. 
(Greco,  S.V.,  and  Electrical  Communications,  1956)  Figure  2  provides  diagrams  of  a  mechanically 
rotated  antenna  system  and  radiation  patterns.  The  svstem  makes  combined  use  of  parasitic  elements 
and  a  driven  central  antenna.  Fiqure  2-A  Is  the  Limacon  pattern  obtained  when  energy  from  the  central 
antenna  strikes  the  15  Hz  parasitic  element.  Figure  2-B  is  the  static  9-lobed  pattern  obtained  when  the 
135  Hz  parasitics  Intercept  and  reradiate  energy  from  the  central  antenna.  Figure  2-C  is  the  resultant 


.  ,  _  ,  ,  .....  ,  ......  .  ...  _ 

•  „*.>.  -•:•,->,  ~  -  'f  •'  *•«.(••■  ^V.r-i ,, -  ■•'  -r-  -%~-  •  -i-  ^  .■■,>■ 'vv.-«rv..^' 

.’•.  .,  .  ;....  f  '•  '%*.  fv’-^  Vi*..**  '*•• 


'.  I^I'I*IIW|[| 

'■  W 


pattern  obtained  due  to  the  combined  effects  of  the  two  (2)  sets  of  parasitic  elements.  The  composite 
pattern  is  mechanically  rotated  at  900  rpm. 

Fiqure  3-A  is  a  plot,  in  rectanqular  coordinates,  of  the  cyclic  variations  in  field  strenqth  of  the 
radiated  signal  received  by  the  aircraft  as  the  antenna  rotates.  The  composite  azimuth  pattern  is  shown 
in  the  polar  plot  of  Fiqure  3-B. 


i  In  Fiqure  3-A  the  Limacon  (15  Hz)  pattern  is  represented  as  a  sine  wave  in  rectangular  coordinates 

and  the  nine-lobed  pattern  superimposed  on  the  Limacon  is  the  ninth  harmonic  of  the  sine  wave.  Since 
the  azimuth  pattern  rotation  rate  is  one  (1)  full  turn  in  1/1 5th  second,  the  radiation  pattern  of  the 
antenna  contains  one  (1)  frequency  component  of  the  15  Hz  and  a  second  freauency  component,  representing 
the  ninth  harmonic  of  the  pattern's  rotation,  or  135  Hz.  The  complete  signal  radiated  by  the  antenna 
contains  both  frequencies,  and  it  is  these  two  (2)  freouencies  which  amplitude  modulate  the  train  of 
oulses  transmitted  by  the  qround  station  beacon  in  each  azimuthal  direction.  The  phase  of  these  signals, 
with  respect  to  the  time  occurrence  of  reference  signal  bursts,  varies  with  azimuth. 

To  determine  the  aircraft  bearing,  the  electrical  phase  of  both  the  15  Hz  and  135  Hz  signals  must  be 
measured.  To  measure  the  phase,  fixed  reference  pulse  bursts  are  transmitted  during  the  rotation  of  the 
radiation  pattern  at  specified  instants.  Separate  reference  siqnals  are  transmitted  for  the  15  Hz  and 
135  Hz  waves.  The  reference  signals  are  introduced  into  the  pulse  train  whenever  the  reference  qroup 
qenerator  of  the  qround  station  is  triqqered  by  a  pulse  from  the  antenna  control  aenerator.  The  timing 
of  the  triqger  is  set  to  align  the  modulation  to  magnetic  north.  The  north  and  auxiliary  pulses  are 
derived  from  and  phased-locked  with  the  15  Hz  and  135  Hz  modulation.  The  time  of  arrival  of  these 

I  pulses  relative  to  the  zero-crossing  of  their  respective  modulating  frequency  waves  is  measured  to  find 

the  aircraft  bearing  to  the  ground  station. 


Note  in  Fiqure  3  that  the  phase  of  the  15  Hz  signal  changes  by  360  degrees  as  the  aircraft  flies 
one  (1)  orbit  around  the  beacon.  However,  the  aircraft  receiver  picks  up  not  only  the  direct  wave 
radiated  by  the  antenna,  but  also  waves  reflected  off  large  objects.  Therefore,  from  the  15  Hz 
components  of  the  wave,  the  aircraft  obtains  a  compass  heading  to  the  ground  station  that  indicates 
the  direction  of  the  qround  station,  but  which  may  be  several  degrees  in  error. 

This  error  is  reduced  by  measuring  the  phase  of  the  135  Hz  component  of  the  wave.  As  the  aircraft 
moves  through  40  deqrees  of  arc,  the  phase  of  the  135  Hz  signal  changes  by  360  degrees.  Thus,  for 
every  space  degree  change  in  bearing,  there  is  a  9  degree  change  in  phase.  In  other  words,  1  degree 
of  phase  shift  produces  l/9th  degree  change  in  azimuth  indication  at  the  aircraft.  This  reduces  the 
15  Hz  bearinq  error  ninefold.  TACAN  is  basically  a  vernier  system  with  coarse  and  fine  information 
developed  by  the  antenna  used  to  provide  azimuth  bearing. 

4.  ANTENNA  SYSTEM  LIMITATIONS 

The  mechanically  rotated  TACAN  antenna  system  is  limited  in  vertical  aperture  since  a  larqe  vertical 
aperture  introduces  mechanical  rotation  and  wear  problems.  A  limited  aperture  results  in  poor  slope 
characteristics  at  the  horizon  intercept.  This  characteristic  makes  the  antenna  sensitive  to  both 
multipath  and  qround  reflections  which  contribute  to  the  formation  of  nulls  in  the  vertical  profile  and 
errors  in  tracking  accuracy  due  to  distortion  in  the  modulation  side  bands.  To  minimize  the  effects  of 
qround  reflections,  a  larger  vertical  aperture  and  improved  phase  and  amplitude  distribution  is  required. 
However  a  larqer  aperture  introduces  mechanical  reliability  problems  when  using  the  rotating  parasitic 
approach. 


A  further  limitation  of  the  mechanical  systems  is  that  the  geometry  of  the  radiating  elements 
restricts  the  achievable  antenna  bandwidth  to  half  the  TACAN  frequency  band.  Therefore,  two  or  more 
radiatinq  structures  are  required  to  achieve  full  band  coverage. 

5.  APPROACH 


As  a  result  of  the  limitations  of  the  mechanical  systems  and  with  the  increasing  air  traffic  density 
problem  it  became  evident  that  a  more  flexible  antenna  system  was  needed.  Advancement  in  the  state  of 
the  art  in  phased  arrays  showed  much  promise  of  employinq  a  cylindrical  electronically  scanned  array 
to  provide  the  improved  nhase  and  amplitude  distribution  necessary  to  minimize  the  effects  of  qround 
reflections  and  to  achieve  all  band  coveraqe  in  a  sinqle  radiatinq  structure.  However.an  optimum 
solution  had  not  been  obtained  to  the  problem  of  distributing  the  power  in  the  azimuth  plane  to  feed  a 
cylindrical  array  with  the  correct  phase  and  amplitude  distribution  and  thereby  provide  the  required 
azimuth  Limacon  and  9th  harmonic  pattern.  Further.it  had  yet  to  be  determined  how  this  pattern  would 
be  rotated  at  a  constant  900  rpm  at  all  RF  frequencies. 

In  March  1970,  RADC  under  sponsorship  of  the  AIMS/TRACALS  System  Program  Office,  Bedford,  MA, 
awarded  dual  contracts  to  perform  a  study  and  investigation  for  the  design  of  an  all  band  electronically 
scanned  cylindrical  array  compatible  for  use  with  the  TACAN  system.  The  contracts  were  awarded  to  the 
ITT  Avionics  Division  Nutley,  NJ  and  the  RANTEC  Division  of  the  Emerson  Electric  Comnany,  Calabasas,  CA. 
Each  contract  consisted  of  two  (2)  phases,  the  first  involved  the  study  and  design  of  a  technique  to 
meet  the  above  needs.  Phase  IT  involved  the  fabrication  and  test  of  experimental  models  upon  which  the 
feasibility  of  the  techniques  developed  under  Phase  I  could  be  demonstrated.  Prior  to  discussinq  the 
results  of  these  efforts  an  analysis  will  be  provided  to  better  understand  the  limitations  involved  in 
the  desiqn  of  an  electronically  scanned  TACAN  antenna.  (Hanratty,  R.J.,  1970) 

5.1  Oesiqn  Considerations 

Several  variables  affect  the  15  Hz  and  135  Hz  modulation  characteristics.  These  include  cylinder 
radius,  array  element  density,  element  pattern,  phase  and  amplitude  modulation  at  each  element  and 
required  elevation  coverage.  Fiqure  4  relates  the  amplitude  modulation  index  to  a  factor,  R  cos  G£L. 
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This  factor  defines  the  Interrelationship  between  antenna  radius  (R),  wavelength  (a),  and  elevation 
coveraqe  (e)  when  the  radiating  aperture  Is  Illuminated  with  amplitude  modulation  and  a  constant  phase 
distribution.  "Figure  4  shows  the  characteristic  behavior  of  a  cylindrical  array  as  generated  by 
computer  simulation  for  a  nlne-lobed  azimuth  pattern  uslnq  a  modulation  Index  of  .35.  The  number  of 
elements  around  the  array  was  chosen  to  maintain  circumferential  spaclnqs  close  to  .5x  for  the  various 
radii  used.  Note  that  for  a  given  cylinder  radius  (R),  Increasing  elevation  angle  (g)  corresponds  to 
movlnq  left  alonq  the  curve  and  Increasing  frequency  Is  Indicated  by  movement  to  the  right  on  the  curve. 
This  curve  Illustrates  that  If  pattern  loblng  or  modulation  Is  to  be  larger  than  some  design  minimum 
only  a  limited  ranqe  of  antenna  size,  frequency,  and  elevation  angle  can  be  used.  The  modulation  which 
Is  generated  as  the  azimuth  pattern  Is  rotated  Is  required  to  be  between  12  and  30  per  cent.  It  Is  also 
desirable  to  maintain  the  modulation  Index  to  as  high  an  elevation  anqle  as  possible.  Curves  such  as 
shown  in  Figure  4  allow  these  deslqn  requirements  to  be  balanced  and  an  optimum  antenna  radius  to  be 
chosen. "(Shes tag,  L.N.,  1970) 

A  far  field  amplitude  modulation  can  also  be  generated  by  the  rotatlnq  multlloued  pattern  when  the 
radiating  aperture  is  Illuminated  with  phase  modulation  and  a  constant  amplitude  distribution.  However, 
the  use  of  pure  phase  modulation  reoulres  a  cylinder  of  larger  radius,  to  meet  modulation  specifications. 

To  illustrate  this.  Table  I  which  outlines  the  main  objective  of  RADC's  contractual  requirements  was 
prepared.  To  achieve  the  performance  outlined  In  Table  I  a  twelve  (12)  foot  diameter  cylindrical  array 
would  be  needed  If  the  aperture  was  phase  modulated.  If  the  aperture  were  Illuminated  with  amplitude 
modulation,  a  five  (5)  foot  diameter  cylinder  would  be  required.  If  consideration  were  qlven  to 
lllumlnatlnq  the  radiating  aperture  with  a  combination  of  phase  and  amplitude  modulation  a  diameter 
Intermediate  to  5  and  12  feet  would  be  reoulred.  Flqure  5  represents  the  characteristic  behavior  of  the 
particular  cylindrical  array  required  to  meet  the  goals  outlined  In  Table  I.  The  shaded  area  bounds  the 
limits  within  which  the  antenna  system  must  be  deslqned  In  order  to  achieve  the  desired  frequency  and 
elevation  coverage,  while  maintaining  a  minimum  cylinder  radius.  The  shaded  regions  represent  a  cylinder 
of  five  (5)  foot  diameter.  Therefore,  to  meet  the  bandwidth  and  elevation  coveraoe  outlined  In  Table  I, 
a  cylindrical  array  five  (5)  feet  In  diameter  and  which  Is  excited  with  pure  amplitude  modulation  Is 
needed  to  provide  the  required  TACAN  performance  characteristics  over  the  complete  frequency  band, 

960  to  1215  MHz. 

The  results  of  these  considerations  suqqest  that  If  nominal  coveraoe  at  hlqher  elevation  angles,  for 
example  above  25  deqrees,  can  be  tolerated,  a  smaller  diameter  array,  i.e.,  a  diameter  less  than  five  (5) 
foot,  capable  of  providing  full  band  coverage  and  meetlno  most  of  the  MIL-STD  reaulrements  can  be  achieved. 

6.  DATA  ANALYSIS  AND  EVALUATION 

The  model's  physical  characteristics  will  now  be  described  alono  with  the  modulation  techniques 
employed.  The  anechoic  chamber,  field  and  fllqht  test  results  are  also  provided. 

The  physical  characteristics  of  the  models  are  outlined  In  Table  II.  ITT's  model  Is  designated  ESTA, 
for  Electronically  Scanned  TACAN  Antenna  and  the  RANTEC  model  Is  referred  to  as  the  AT-100.  The  power 
requirement  addressed  In  TaFle  I  refers  to  the  AC  power  reoulred  to  scan  the  modulated  pattern  and  not 
the  input  PF  power. 

The  Electronically  Scanned  TACAN  Antenna  (ESTA)  consists  of  a  cylindrical  phased  array  of  radiating 
elements~capable  of  producing  an  omnl  directional  azimuth  pattern,  with  a  fundamental  Llmacon  distribution 
and  a  9th  harmonic  superimposed  at  nominal  20  per  cent  levels.  The  model  shown  In  Flqure  6  Is  85  Inches 
high,  65  inches  In  diameter  and  consists  of  96  columns  of  11  dipole  elements  each.  This  model  uses 
dlqltal  modulation  techniques  for  controlling  radiatinq  elements  In  place  of  the  mechanically  rotated 
parasitic  elements  previously  used  to  modulate  the  bearlnq/dlstance  pulsed  RF  transmission.  Each  vertical 
column  radiates  at  a  different  amplitude  and  chase  to  generate  the  proper  antenna  pattern,  PF  energy 
enters  the  base  of  the  array  through  ar  L-Band  coaxial  waveguide.  A  series  of  64  digitally-controlled 
metal  tabs  In  the  wavequlde,  only  one  of  which  Is  shown  In  Figure  6,  change  the  prop.-uatlon  mode  at  a 
15  Hz  rate,  effectively  modulating  the  RF  at  the  desired  coarse  bearlnq  signal  rate.  RF  energy  carrying 
the  15  Hz  modulation  waveform  then  goes  through  a  96:1  power  divider  and  a  distribution  system  to  feed 
the  96  stacks  of  dipoles  each  one  of  which  has  a  digital  switch,  located  at  the  base  of  the  vertical 
column,  that  turns  on  and  partially  off  at  the  fire  bearlno  modulation  rate  of  135  Hz. 

Both  dlqltal  controls  are  locked  to  a  common  clock  to  eliminate  phase  problems.  The  switching 
system  actually  steps  a  number  of  columns  at  one  time  to  provide  smooth  rotation  of  the  pattern  In  space. 

After  fabrication,  the  model  was  tested  In  the  contractor's  anechoic  test  chamber.  Table  III 
compares  the  results  of  these  tests  with  the  principal  performance  requirements. 

The  AT-100  model  uses  a  cylindrical  array  to  achieve  all  band  TACAN  coveraqe.  The  cylindrical 
array  shown  In  Flqure  7  is  96  Inches  high  and  62  Inches  In  diameter.  It  contains  36  columns  of 
12  elements  each.  The  elements  are  wideband  cavity  radiators  connected  directly  to  the  elevation  beam 
shaplnq  circuit.  The  circuit  Is  a  12:1  power  divider  made  up  of  two  (2)  6:1  strlnllne  networks  that 
provide  the  correct  phase  end  amplitude  distribution  to  produce  the  required  elevation  pattern. 

An  analoq  modulator  design  has  been  selected.  It  Is  a  snllt  tee  with  a  diode  shunt  on  each  output 
arm.  Continuously  varying  the  diode  bias  varies  the  ratio  of  power  division  between  the  two  output 
ports.  The  modulation  technique  used  Is  based  on  a  characteristic  of  the  TACAN  azimuth  modulation 
signal,  which  Is:  the  sum  of  the  voltages  at  diametrically  opposite  points  on  the  antenna  is  a  constant. 
There  are  18  modulators  feedlnq  diametrically  opposite  columns  of  the  array,  The  modulators  operate 
such  that  when  voltaqe  Is  reduced  on  one  side  of  the  array  in  accordance  with  the  modulation  signal, 

It  1$  added  by  the  same  amount  to  the  opposite  side  of  the  array,  thereby  eliminating  lossy  downward 
modulation.  * 
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The  horizontal  distribution  network  consists  of  four  3:1  power  dividers  and  nine  2:1  power  dividers 
to  provide  a  distribution  network  from  the  beacon  to  feed  the  IP.  modulators.  The  two  (2)  outputs  on 
each  of  the  13  modulators  provide  the  final  inputs  to  the  36  columns.  All  power  dividers  are  fabricated 
in  stripline. 

The  electronic  modulation  qenerator  provides  all  bias  controls  for  the  RF  modulators  an'd  trioqer 
sionals  to  the  beacon.  This  bias  to  the  modulators  is  simul taneouslv  varied  at  the  15  and  135  Hz  rate 
to  analoq  voltage  modulators  for  rotating  the  composite  radiation  pattern  (electronically)  at 
900  rpm. 

The  results  of  the  anechoic  test  chamber  measurements  on  the  AT-100  are  listed  in  Table  IV. 

As  part  of  the  contractual  efforts  reliability  analysis  were  performed  by  both  contractors.  The 
analysis  were  based  on  a  parts  count  approach  usinq  component  failure  rates  taken  primarily  from 
MIL-HBK-217A  "Reliability  Stress  and  Failure  Rates  for  Electronic  Equipment".  Tables  V  and  VI 
constitute  the  definitions  and  the  summarized  information  relative  to  the  reliability  analysis. 

To  better  visualize  the  pattern  coveraqe  achieved,  Fiqure  8,  a  measured  elevation  pattern  taken  at 
1087  MHz  has  been  plotted.  It  illustrates  the  high  horizon  slope,  low  negative  (below  horizon)  side 
lobes,  typically  -16  dB  across  the  frequency  band  and  the  excellent  rejection  to  cross  polarization, 
qreater  than  -25  dB  below  the  peak  of  the  elevation  beam.  The  two  (2)  dashed  lines  represent  the 
limits  within  which  the  elevation  coveraqe  was  to  lie  from  the  upper  elevation  3  dB  point  to  +50  deqrees, 
to  meet  the  requirements. 

With  the  completion  of  the  chamber  tests,  both  models  were  field  and  flight  tested  at  the 
United  States  Navy's  Electronic  Systems  Test  and  Evaluation  Facility  (NESTEF)  St.  Iniqoes,  MB.  The 
,  results  of  these  tests  have  shown  the  following: 

Closely  verified  the  results  of  contractors'  chamber  tests; 

Demonstrated  that  both  models  passed  the  azimuth  accuracy  reouirements  of  Flight  Inspection  Manuals 
(AFM  55-8  and  NAVAIR  16-1-1520)  for  enroute  and  approach  radial s. 

7.  SUMMARY 

The  performance  limitations  of  mechanically  rotated  TACAN  antennas,  in  particular  operational 
bandwidth  and  sensitivity  to  qround  reflections  have  been  addressed.  Desiqn  considerations  have  been 
described  which  considered  the  factors  most  pertinent  to  the  achievement  of  all-band  coverage  in  a 
single  electronically  scanned  TACAN  antenna. 

As  a  result  of  the  development  efforts,  two  (2)  experimental  model  TACAN  antennas,  each  capable 
of  orovidinq  all-band  operation  in  a  single  electronically  scanned  radiatinq  structure  have  been 
demonstrated.  Such  a  system  offers  the  following  features: 

a.  The  array  approach  permits  controlled  elevation  pattern  shaping  to  provide  a  combination  of 
steen  pattern  slope  at  the  horizon  intercept  and  low  below  horizon  side  lobes  thereby  reducing  site 
generated  bearinq  errors  and  increasing  accuracy  of  the  system  from  an  operational  standpoint. 

b.  The  absence  of  movinq  parts  will  reduce' preventive  maintenance  requirements. 

c.  Modular  desiqn  will  allow  most  repairs  to  be  made  in  the  field  thereby: 

(1)  Minimi zinq  down  time. 

(2)  Providing  increased  system  availability. 

(3)  Reducing  the  meantime  to  repair  and  meancost  to  repair  when  compared  with  existinq 
mechanical  systems. 
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ELECTRONICALLY  SCANNED  TACAN  ANTENNA  PERFORMANCE  REQUIREMENTS 


TABLE  I 


FULL-BAND  OPERATION  960  -  1215  MHz 
NONROTATING  ANTENNA  (ELECTRICALLY  SCANNED) 
PATTERN  CHARACTERISTICS 


SLOPE  ON  HORIZON 
GAIN 

ELEVATION  COVERAGE 

CROSS-POLARIZATION 
SIDE  LOBE  LEVEL 


>.2  VOLT/DEG  (NORMALIZED  TO  1. 0  V  AT  HORIZON) 

>6  DB  AT  PEAK  OF  ELEVATION  BEAM 

CSC  6  IN  VOLTAGE,  WITHIN  +2  DB,  FROM  UPPER 
3  DB  TO  50 P 

AT  LEAST  -20  DB 

BELOW  HORIZON,  MINIMUM  OF  -18  DB 


EXPERIMENTAL  MODELS  PHYSICAL  CHARACTERISTICS 
TABLE  11 


Height 

Weight 

Diameter 

Scanning  Modulator 
Power  Recul rements 


ESTA 

85  inches 

1050  pounds  (Antenna 
and  Electronics) 

65  inches 

less  than  150  Watts 


AT-100  _ j 

i 

96  inches  I 

750  pounds  (Antenna! 
and  Electronics)  j 

62  inches 

less  than  150  Watts 


Array  Columns  96  36 

Elements  per  Column  ,  11  Dipole  Elements  12  Radiating  Cavity 

i  Elements 


Both  antennas  achieved  all-band  coverage  in  a  single  radiating  structure. 


MEASURED  TEST  CHAMBER  DATA  "ESTA"  MODEL 
TABLE  111 


R ADC  PERFORMANCE  CONTRACTORS  TEST  CHAMBER  DATA 

REQUIREMENTS 


Operational  Bandwidth 

960  -  1215  MHz 

All  Band  Coverage  Achieved 

Slope  Rate  of  Change  of  Signal 

Level  Within  +2°  of  Horizon 
.  2  V/Degree  When  Normalized 
to  1  V  at  the  Horizon 

Varied  Between .  26  to .  36  VIDegree  Over  the  Frequency  Band 

Per  Cent  Modulation:  Meet 

MIL-STD  291 -B  Requirements  of 
.21%  +9%,  for  0°  to +  50° 

Elevation  Angles  Over  the 

Full  TACAN  Frequency  Band 

15  Hz  Sideband  0°  to  50°  Met  MIL  STD  Requirements 

135  Hz  Sideband  0°  to  40°  Met  MIL  STD  Requirements 

135  Hz  Sideband  40°  to  50°  From  960  to  1080  MHz  Varied 

Between  5  to  10% 

Phase  Tracking  (Bearing  Accuracy) 

135  te  ;  33S'  jMaxlmun' 

Peak  of  Pattern  (6°  Elevation) 

*9-8  Maximum 

+  .  8°|  —  135  Hz  —  2.0-' Excur!l0"s 

. 

MEASURED  TEST  CHAMBER  DATA  "AT-100"  MODEL 
TABLE  TV 


R ADC  PERFORMANCE 
REQUIREMENTS 


CONTRACTORS  TEST  CHAMBER  DATA 


Operational  Bandwidth 

. 

All  Band  Coverage  Achieved 

960  -  1215  MHz 

Slope  Rate  of  Change  of  Signal 

Level  Within  +2°  of  Horizon 
.  2  VIDegree  When  Normalized 
to  1 V  at  the  Horizon 

Varied  Between .  22  to ,  35  VIDegree  Over  the  Frequency 

Band 

Per  Cent  Modulation:  Meet  1  15  Hz  Sideband  0°to50°  Met  MIL  STD  Requirements 

MIL  STD  291-B  Reouirements  135  Hz  Sideband  0°to40c  Met  MIL  STD  Retirements 

of  21%  +9%.  for  0°  to  +50°  135  Hz  Sideband  40c  to  50c  From  960  to  1080  MHz  Varied 

Elevation  Angles  Over  the  j  Between  5  to  12% 

:  Full  TACAN  Frequency  Band  1 

Phase  Trackina  (Bearina  Accuracy) 
135  Hz  \  ^*3^ ^Maximum 

i 

Peak  of  Pattern  (6°  Elevation)  * 

+  . 6 0 1  * —  15  Hz  — »  +6. 0C  Maximum 

l  Ave. 

+  .  2°  « —  135  Hz  — *  +  1. 0°  Excursions 

RELIABILITY  FACTORS 


TABLC  V 


MEAN  TIME  BETWEEN  THE  MEAN  TIME  BEFORE  ANY  FAILURE  WILL  OCCUR. 

FAILURE  (MTBF )  THE  FAILURE  MAY  OR  MAY  NOT  ALARM  THE  MONITOR 


MTBF  (WITH  THE  MEAN  TIME  BEFORE  ANY  FAILURE  WILL  OCCUR 

REDUNDANCY)  USING  REDUNDANT  POWER  SUPPLIES 


MTBF  -  SOFT  FAILURE  SOFT  FAILURE;  THE  PRESENCE  OF  A  FAILURE  WHICH 
MODE  (SFM)  CONTINUES  TO  ALLOW  THE  SYSTEM  TO  OPERATE  WITHIN 

SPEC  BUT  IN  A  DEGRADED  MODE,  i.e.  NOT  AT  PEAK 
EFFICIENCY. 


MTBF-SFM:  NUMBER  OF  HOURS  SYSTEM  WILL  OPERATE, 
WITHIN  SPEC,  BEFORE  CUMULATIVE  SOFT  FAILURES 
ALARM  THE  MONITOR. 


MTBF-SFM  (WITH  MTBF-SFM  WHEN  REDUNDANT  POWER  SUPPLIES  ARE 

REDUNDANCY)  AVAILABLE 


PREDICTED  RELIABILITY  PERFORMANCE 


ESTA 


(21. IK)  21.1KHRS 
(55K  )  31.1KHRS 


(15.2K)«1  12.6KHRS*2 
*2 


TABLE  VI 

MTBF 

ANTENNA  ASSEMBLY 
CONTROL  UNIT 

SUB  SYSTEM 


AT-1QQ 

(62.8K)  62.8KHRS 
(57K)  38.0KHRS 

(29.9K)«1  23.5KHRS 


(107K)  107KHRS 
(  55K)  37KHRS 


(36.4K)*2  27.5KH6 
*3 


(MTBF-SFM) 

ANTENNA  ASSEMBLY 
CONTROL  UNIT 

SUB  SYSTEM 


(128.7K)  128. 7K HRS 

(  57.0  )  38.0KHRS 

(  39.7K)*3  29.3KHRS 


*1  MTBF  WITH  REDUNDANT  POWER  SUPPLIES 
*2  COMPUTED  BY  RADC  RELIABILITY  BRANCH 
USING  CONTRACTORS  FAILURE  RATES. 
MTBF-SFM  WITH  REDUNDANT  POWER  SUPPLIES 


*3 


ENVELOPE 

OF 

BEARING 

SIGNAL 


FIGURE  3B 

FIGURE  3  COMPOSITE  AZIMUTH  PATTERN 


MODULATION  INDEX  ON  THE  APERTURE  -  0.35 


FIGURE  4  AMPLITUDE  MODULATION  CHARACTERISTICS 


135  Hz  MODULATION  INDEX  15  Hz  MODULATION  INDEX 


6  Modulators 

3  Two-way  Power 
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ANALYSIS  OF  FINITE  ARRAYS  OF  RECTANGULAR 
APERTURES  ON  CONDUCTING  DIELECTRIC  COATED 
CYLINDERS 
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J.  Vogt 
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Germany 


SUMMARY 


The  aim  of  the  presented  theory  is  to  investigate  the  influence  of  mutual 
coupling  and  creeping  waves  on  the  performance  of  a  phased  array  antenna,  consisting 
of  a  finite  number  of  apertures  flush-mounted  on  the  surface  of  an  infinite  conducting 
cylinder  with  a  concentric  dielectric  covering. 

The  numerical  results  show  that  mutual  coupling  effects  are  reduced  due  to  the  cylindri 
cal  structure  of  the  surface,  but  are  increased  due  to  the  dielectric  covering. 


1.  INTRODUCTION 

Recently  there  is  an  increasing  interest  in  so-called  conformal  arrays, 
particularly  in  circular  and  cylindrical  arrays.  Flush-mounted  antennas,  for  example 
apertures  on  cylinders,  have  ideal  aerodynamic  properties  and  become  more  and  more 
used  in  airborne  radiating  systems. 

In  rockets  and  missiles  one  can  save  much  place,  if  the  radiating  structure  is 
built  right  into  the  radome  or  if  it  is  placed  near  the  radome  wall.  This  integrated 
radome  antenna  concept  is  called  "radant. 

A  simple  approach  to  such  a  radant  is  the  dielectric  coated  metallic  cylinder 
with  flush-mounted  antennas.  Beam  scanning  can  be  performed  electronically.  Because  in 
a  radant  the  radiators  are  located  near  or  directly  on  the  surface  of  the  air-  or 
spacecraft,  the  radiation  patterns  and  the  antenna  nea;-field  are  substantially  affected 
by  this  surface. 

The  purpose  of  the  presented  analysis  is  the  investigation  of  such  effects  on  the 
performance  of  antennas  flush-mounted  on  the  surface  of  a  conducting  dielectric  coated 
cylinder. 

The  theory  takes  into  account  all  electromagnetic  interaction  between  the  aper¬ 
tures  and  the  effects  due  to  the  structure  of  tho  cylinder  and  the  concentric  coating. 

In  contrast  to  most  of  the  recent  publications,  the  array  and  the  apertures  are 
assumed  to  be  finite. 


2.  MUTUAL  COUPLING  IN  A  FINITE  ARRAY  OF  RECTANGULAR 

APERTURES  ON  A  CONDUCTING  DIELECTRIC  COATED  CYLINDER 


2. 1  Structure  Geometry 

The  axis  of  the  circular  cylinder  and  the  concentric  electric  coating  is  assumed 
to  be  the  z  axis  of  an  xyz  rectangular  coordinate  system.  A  9  Z  cylindrical  coordinate 
system  is  associated  with  the  xyz  system  in  the  usual  manner.  The  metallic  cylinder  is 
assumed  to  be  infinitely  long  and  to  have  the  outer  radius  at  the  concentric  layer  of 
homogeneous  lossless  dielectric  hae  the  outer  radius  b  (b  >n).  The  radiators  in  con¬ 
sideration  ore  the  open  ends  of  the  feeding  rectangular  TE-waveguides.  The  center  of 
an  aperture  i  is  described  by  (  9  *  0  ,  f  ■  4*i,Z  ■  (j  )  .  For  simplicity  it  is  supposed  that 
all  apertures  are  of  equal  dimensions  2  h  by  2  d,  and  that  they  are  all  oriented 
parallel  to  the  z  axis.  The  cylinder  radius  a  is  assumed  to  be  large  compared  to  the 
aperture  width  2  d,  therefore  it  is  possible  to  consider  the  aperture  planar  with 
negligible  error. 

The  waveguides  are  ideal)  their  dimensions  are  such  that  only  the  dominant  mode 
is  above  cutoff. 


2.2  The  Electromagnetic  Fields  in  the 
Regions  a  «£  9  ^  b  and  8  >  b 


Following  Wait  [l]  ,  it  in  possible  to  synthesize  a  solution  of  the  cylindricel 

wave  equation  in  the  region  a  <£  9  b  (region  I)  and  the  region  outside  the 

cylinder  9  >  b  (region  XI)  by  superposition  of  the  appropriate  cylindrical  Fourier 
transforms. 


The  expansions  of  the  external  fields  in  the  two  regions  contain  six  unknown 
coefficients  g.|l  ,A4  ,  hp.  ,flp  ,  cp.Cpwhich  can  be  determined  by  applying  the  following  six 
tangential  boundary  conditions: 


EW  (a,<P,z) 


(a  .V.z ) 


E«PA  ; 

in  the  aperture  , 

0  ; 

outside 

the  aperture. 

Eza  ; 

in  the 

apertuie, 

0  ; 

outside 

the  aperture 

(1) 


(2) 


(b.'P.z) 


E»pn  (b.'P.z). 


(3) 


Ezi(b.'P.z) 


Ezn  (b.'P.z), 


(4) 


fcjtpi  (b.'P.z) 


a*pn  (b.'P.z), 


(5) 


dzi  (b.'P.z)  =  dzn  (b.'P.z)  (6) 

In  (l),  (2)  E ^  is  the  transversal  electric  field  in  the  aperture  ("internal 

field")  which  may  be  expressed  as  a  summation  of  all  possible  waveguide  modes. 


6a  -  SIS  •Su'W 

p  p 

The  associated  magnetic  intornal  field  is 


(7) 


where  the  mode  function  hp  (  <P  ,  z)  is 
external  field  is  by  means  of  (l),  (2) 
electric  field  on  the  cylinder  surface 


(8) 

orthogonal  with  respect  to  tF  iV,  z).  The 
uniquely  determined  in  terras  of  the  tangential 


2.3  Derivation  of  the  Mutual  Admittances 

2.3.1  Mode  Coupling  in  the  Radiation  Field  of  a  Single  Aperture 

The  internal  complex  power  flowing  through  the  feeding  waveguide  -  in  the 
following  a  single  aperture  is  considered  -  is  the  sum  of  the  powers  of  all  individual 
modes  without  any  coupling  between  the  modes. 


P  =  */£a*  0A)dA; 

(9) 

A 

P  =  }  Vup.lp<; 

(  10) 

p 

e-  2ep. 

(ID 

P 


This  fact  results  from  the  boundary  conditions  in  the  waveguide  and  can  be  shown 
by  means  of  the  orthogonality  o i  the  vector  mode  functions  and  Tv5.  Inside  the  wave¬ 
guide  there  is  no  mutual  coupling  between  the  individual  modes. 

This  does  no  longer  hojd  true  for  the  radiation  fields  outside  the  waveguide.  In 
the  external  region  9  >  a  mutual  coupling  exists  between  the  radiation  field  produced 
by  a  mode  p  and  the  radiation  field  produced  by  a  mode  q. 

So  the  internal  waveguide  power  of  each  mode,  ,  splits  up  into  a  pure  self 
radiation  power  and  into  an  infinite  set  of  powers  to  maintain  mutual  coupling  between 
the  modes. 
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pfct-^eSSt :  p -i . *■ 

Defining  a  complex  mutual  admittance 

pW* 

vpq  _ 

~  iup*yq 

and  using  the  result  ( 10) , expression  (12)  becomes 

^  Ypq  Uq  sjP;  p=1....,co. 

The  coupling  power  PPxt 
the  mode  UPfP  together  with  the  magnetic 


(  12) 


(13) 


(14) 


coupling  power  PgJt  is  produced  by  the  electric  radiation  field  EP  due  to 
UPfP  together"  with  the  magnetic  radiation  field  Rq  due  to  the  modeS^T^ 


E?e?t  =  i^(iiP*Hq,,)d2  ;  (A  =  waveguide  cross  section),  05) 

The  integration  in  the  (  9  =  a,  *P  ,  *)  space  may  be  extended  over  the  whole 
cylinder  surface  since  jj  tang  =  0  outside  the  aperture.  This  leads  -  using  the 
orthogonality  of  the  cylindrical  Fourier  transforms  -  to  an  integration  in  the  so- 
called  wave  number  space  k z  (along  *  ). 


Kgl P0?)dk2.  06) 

P-OD 

In  ( l6  ) ,  the  -component  was  neglected  for  simplicity,  because  this  component 

is  usually  very  small  compared  to  the  Etp  component. 

E$  (|i*kz),  Q  2  ^  •***)•  are  the  Fourier  transforms  of  (<p,z).  Hz  (>P»*)i  for 
fixed  e  =  a. 


£$  =  CP(m-)  -  Dp  (k2), 

♦'Po 

Cp(p)=^l  /yPtf('P)e^vpd'P, 

♦b° 

QP(kz)  =  zn  yt^(z)ejk2-idz. 

-h 

tlp('P.z)  =  tP (*P)  »P  (z). 

Following  Wait  [l] 

Bz  =  Cq(|i)  Dq(kz)  A2  (l  (p,kz  )  Hji  ( A  a  )  +  g(p,kz)jp  ( Aa  )j .  ( 2 1 ) 

For  an  assumed  harmonic  time  dependence  the  function  A  is  given  by 

Vk&er-kji  ;  kz  ^  k0  Ve.r 


( 17) 
(10) 

(19) 

(20) 


A  - 


1-j  ’/kz-koEr'  I  k2  >  k0  l/cr\ 


(22) 


The  expressions  £  (  p  ,  k  ) ,  £  (  p  ,  k  )  refer  to  the  coefficients  bp  i  Dp 
and  depend  only  on  the  geometry  of  the  cylinder  resp.  the  dielectric  layer. 


With  (17)  and  (21)  the  mode  coupling  (l6)  becomes 
♦  oo 

P$t" -  J  -  a  •  4rt22c%)Cq(M) /Dp(kz)  Oq(kz)A2(f(n,kz)h/p,(A,a)*a(M,kz  )Jp  (A,a)]dkj 


(23) 


-oo 


The  mutual  admittance  expression  (13)  Tor  the  mode  coupling  of  a  single  aperture 
can  be  determined  by  means  of  (23)* 


2.3.2  Mutual  Coupling  in  the  (Udiation  Field  of  an  Array  of  Apertures 

Supplementary  to  (15)  the  expression  of  the  mutual  coupling  comprises  now  the 
mode  coupling  p,  q  and  -  in  addition  to  it  the  mutual  coupling  between  the  apertures, 
for  instance  the  apertures  i  and  k. 

EP  -  i  /(Ef*BS*)eS,.-  <“’ 

Aj 


•  M 
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where  the  integration  is  over  the  aperture  i.  ia  the  magnetic  radiation  field  of 

the  aperture  k  (due  to  a  mode  q)  measured  on  the  aperture  i. 

With  the  transformations 

<Pj  =  +  :  zi =  zk  +  Cik •  «ik -  - *k •'  Cik*  5i-  Ck  (25) 

and  through  (16),  (17)  with  additional  index  i  and  (21)  with  index  k  the  complex  power 
(24)  becomes 

♦co 

Pf£  =  fa-  Ait’Sej^ik  gfyOCgV)  /g?(k2)  Dg(kz)  A2Z(pkz>fri&t<kz  dkz .  (26) 

p  -oo 

The  mutual  admittance  is  now  defined  by 


<S7> 

where  PPfl  ia  given  by  (26).  The  ayatem  of  N  coupled  aperturea  with  M  assumed  modes 


is  now  described  by 

sr  f:!-  ;S3  <*«> 

kd  qd 

If  it  is  supposed  that  only  the  first  mode  (p  =  1)  is  above  cutoff  whereas  the 
higher  modes  p  >  1  do  not  propagate,  the  currents  and  voltages  can  be  decomposed  [3] 
into 


ui-  Uk+Uir :  il-iiT  -Jk 

where 

I+*  .UiL  •  ir  =  -Uk_ 


VUIU 

with 

,p  \fF  ;  p--J 


the  characteristic  waveguide  impedance  of  the  mode  p. 


(28)  reduces  now  to 

£  2  <*$?♦•£  ?*-)•«!!- tf-*1” 


k*1  q*1 

where 


P=  1 . M 

i  *  1....,  N 


i/i  ;p*q ;  '»•< 

|o;*ls« , 


2.3.3  Example:  Ring  of  Aperturea  on  a  Dielectric  Coated  Cylinder 

Evaluating  expression  (26),  (27)  for  a  ring  of  axial  apertures  with  Cik  *  0  one 

finds  for  assumed  TE  _  modes  with  uneven  m  the  following  mutual  admittance  expressions 
no 


VR*".— - cos<HqttK) 

2o(hko?dk0  0  mn'  (m*Po/  «♦•&> 


cot2(ykqh) 
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where  the  complex  functions  n^(y),  d|x(y)  are  given  explicitely  by  Knop  [2].  For 
symmetry  of  the  considered  ring  array  with  respect  to  the  z  axis,  only  the  TE  modes 
with  uneven  m  are  possible.  mo 


2.4  Further  Array  Data 

The  mode  voltages  U§  in  (33)  ex's  readily  computed  by  numerical  methods.  The  Uj[ 
represent  the  response  of  the  array  to  a  special  excitation  I,  .-All  other  parameters 
of  the  array  can  be  calculated  by  means  of  the  system  response  JJg  .  The  far  field 
patterns  may  be  derived  from  the  rigorous  field  solution  using  the  saddle-point 
method  [l]  .  The  array  element  gain  function  (all  radiators  are  terminated  except  the 

element  of  interest)  is  computable  through  the  array  network  data  (active  admittances, 
reflection  coefficient)  and  the  far  field  expression. 


2.5  Numerical  Results 

Fig.  1  shows  the  E-plane  gain  function  of  a  single  aperture  on  a  metallic 
cylinder  with  and  without  dielectric  layer.  The  gain  is  referred  to  the  matched  iso¬ 
tropic  radiator.  The  radius  of  the  cylinder  is  2Xo  (  Xo  =  vacuum  wavelength),  the 
thickness  of  the  layer  is  0. 1  Xo  .  The  rectangular  aperture  is  of  dimensions  0.72  by 
0.  lE  Xo  according  to  an  angular  width  of  4.776°.  The  relative  dielectric  constant 
of  the  lossless  layer  is  2.1.  The  one  mode  (TE.-)  computation  of  the  aperture  admittance 
referred  to  the  waveguide  admittance  yields  thsrollowing  results: 

a)  yA  =  0.45  +  J  0.4l  for  er  =  1 

b)  yA  =  0.8l  +  j  1.06  for  Er  =2.1 

These  data  agree  very  well  with  measured  data  of  apertures  in  an  "infinite" 
perfectly  conducting  plane. 

Fig.  2  refers  to  an  array  of  9  apertures  of  same  dimensions  as  before.  The  aper¬ 
tures  are  parallel  to  the  z  axis  with  no  axial  separation  (  =  0).  The  angular 

distance  of  the  radiators  is  8°.  The  apertures  are  terminated  except  the  central 
aperture  (no.  5)  which  is  driven.  The  computed  admittances  of  aperture  no.  5  are 

a)  yA  =  0.44  +  j  0.49  for  er  =  1 

b)  yA  =  0.98  +  j  1.17  for  er =  2.1 


3.  CONCLUSIONS 

The  presented  theory  describes  the  linear  system  of  N  coupled  rectangular  aper¬ 
tures  on  a  dielectric  coated  perfectly  conducting  cylinder  by  means  of  a  N  „  M  quadratic 
admittance  matrix  where  M  is  the  number  of  assumed  waveguide  modes  in  +he  apertures. 

The  matrix  coefficients  depend  on  the  radius  of  the  cylinder,  the  dimensions  of  the 
apertures,  the  vector  mode  functions,  and  the  material  and  thickness  of  the  dielectric 
layer.  The  theory  takes  into  account  all  electromagnetic  interaction  between  the 
apertures  and  all  effects  due  to  the  cylindrical  structure  which  is  able  to  support 
axial  and  azimuthal  surface  waves. 

Basing  on  the  system  response  all  interesting  data  of  the  array  may  be  calculated. 
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DISCUSSION 


J_.  SNIELDEB  •■  The  element  pattern  for  waveguide  apertures  for  an  element  distance  of 

i-o&rittltf&m  .at  6arbSis*^sm»5i%*tes  b** be,n  ■bo"-  tti*  *• m 

A  drop  is  only  found  for  element  dlstanse  between  0.5X. and  VoA  due  to  the  appearanee  of 
the  grating  lobe  in  these  cases. 


J.  YOST: 


_ -c  The  remark  on  the  element  patterns  was  not  restricted  to  the  element  dintanoe 

I&S52.S?  55s  “?“£?•  bVt  Should  be  understood. more  generally.  What  I  mentioned  la  true. 
<££$V2F'  for  greater  element  distances  also  1)  However,  for  dipole  antennas,  our  own  * 
12v2at!?at^oa8.oonoerainS  a  non-ooated  linear  array  of  17  halfwave-dipoles  with  a  spacing 

about^io  degrees8  notol>  ln  th'  c®ntral“®lemen*  pattern  (H-plane)  of  -5dB  at  an  angle  of 


3?o-»n0Ir»4nstfn0e:  Borgiottl  Trans,  on  Antennas  and  Propagation  AP-18,  No.  1, 

«J  an»  lyfUf  rigs  6* 
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ANTENNES  HYPERFREQUENCE  POUR  KISSILES  HYPKR90HIQUES 


par  Christian  POUIT 

Office  National  d'Etudes  et  de  Recherches  ASrospatiales  (ONERA) 
92320  CHATILLON  (France) 


RAeurnA 

Dans  le  cadre  d'un  programme  d'essai  en  vol  ayant  pour  but  l'analyse  des  phAnomAnes  physiques 
pendant  la  rentrSe  d'un  missile  hyper sonique  dans  1 ' atmosphere ,  on  a  utilisA  trois  types  d'antennes 
rayonnant  dans  les  gammes  de  frequences  S,  C  et  X.  Le  type  d'antenne  retenu  (iris  rectangulaire  noyA  dans 
l'alumine)  a  permis  d'aboutir  A  la  realisation  d'aAriens  satisfaisant  aux  conditions  d'environnement  par- 
ticuliArement  sAvSres  tout  en  offrant  un  diagramme  de  rayonnement  ouvert  et  uniforms,  ce  qui  permet  d'envi- 
sager,  par  combinaison  de  ces  aeriens,  d'obtenir  un  ensemble  de  diagraamea  de  rayonnement  omnidirection- 
nel. 


MICROWAVE  ANTENNAS  FOR  HYPERSONIC  MISSILES 
Summary 

Within  a  flight  program  aiming  at  analyzing  physical  phenomena  during  reentry  of  an  hypersonic 
missile  into  the  atmosphere,  three  types  of  antennas  vere  used,  radiating  in  the  S,  C  and  X  frequency 
bands.  The  type  of  antenna  chosen  (rectangular  iris  embedded  in  alumina)  allowed  a  design  satisfying  the 
particularly  severe  environment  conditions  while  retaining  a  widely  open  radiation  pattern,  which'  permit- 
ted  to  obtain,  by  combination  of  these  aerials,  an  omnidirectional  pattern  set. 


I  -  INTRODUCTION 

Dans  le  cadre  de  l'Atude  des  phSnomAnes  filectriques  apparai leant  au  cours  de  la  rentrAe 
dans  1' atmosphere  des  v6hicules  hypersoniques ,  1 'ONERA  a  conqu  et  rAalieA  un  programme  d' experimenta¬ 
tion  en  vol  dit  operation  "Electre".  Ce  programme  a  permis,  en  outre,  de  dAvelopper  et  d'easayer  en 
vol  des  antennas  hyper frequences  adaptAes  aux  conditions  de  rsyonnement  i  bord  des  engine  les  plus 
rapidea. 

Un  tel  domaine  d' application  impose  en  effet  des  contraintes  tout  A  fait  partiouliAres 
aux  antennes  :  miniaturisation,  robustesse  mAcanique  et  tenue  thermique  ecu  sun  flux  de  chaleur  trAs 
intense. 

II  -  DESCRIPTION  SOMMAIRE  DU  PLAN  DE  VOL  DE  LA  POINTS  DE  RENTREE  "ELECTRE"  ET  DES  CONTRAINTES  THERMIQUES 
IMPOSEES  AUX  ANTENNES. 

Le  pointe  Electre  6tait  propulsA*  par  le 
lanceur  Tib  Are  A  3  Atages  (fig.  l),  d'une 
masse  de  I*  600  kg  et  d'une  longueur  de 
lk  mAtres. 

Les  deux  premiere  Atages  Ataient  mis  A 
feu  successivement  pendent  la  montAe  ; 
ensuite  le  3Ams  Atage  portent  la  charge 
•cientifique  Atait  pointA  A  l'aide  d'un 
pilot*  automatiqu*  pendant  la  phase  balis- 
tique  event  d'ttr*  mis  en  rotation  et 
allumA.  Lorsqus  la  viteese  atteignait  la 
valeur  requite,  le  charge  eeientifiqua 
Atait  sAparA*  du  propulseur  pour  effectuer 
un  vol  libre  dans  1 '  atmosphAr* .  L'expA- 
rienc*  scisntifiqua  proprement  dit*  se 
dAroulait  pendant  cett*  derniAr#  phase 
entr*  lee  altitudes  60  et  20  km. 

Du  fait  d*  l'Achauffemsnt  cinAtiqu*  du 
gaz  ataosphArique ,  qui  s*  trouvait  port  A 
A  un*  tsmpArature  dA passant  6  000  °K,  la 
surface  d*  l'sngin  •*  trouvait  soumise  A 
un  flux  d*  chaleur,  d*  l'ordrs  d*  13  000 
kJ/s^t  AvacuA  vers  1’intArisur  par  une 
structure  sn  cuivr#  et  en  titan*.  La  tem- 
pAratur#  dans  Is  mAtal  dApassait  1100  °K 
dans  les  parties  les  plus  chaudss. 


•<  fig.l  -  Lenceur  "TibAre" 
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III  -  L' ELEMENT  RAYGHIABT 


Lae  contraintss  aErodynamiquas  qui  s'exercent  sur  un  vEhicul#  hyparaonique  impossnt  un 
profil  trie  pur  pour  X*  structure.  Da  oa  fait,  laa  antannaa  formant  aailXia  aur  la  aurfaea  aont 
part iculiira sent  dEconseillEaa. 

En  effet,  d'une  part,  la  |U  compriaE  aa  aaont  da  la  aaillia  provoquarait  un  accroiass- 
msnt  local  da  la  concantration  Elactronique  daaa  la  plasma  d'origine  aErodynamique ,  phEnom&ne 
nuisible  i  la  propagation  daa  ondaa  radioElactriques  ;  d' autre  part,  las  filata  fluids*  dEcollEa 
da  la  parol  an  aval  da  la  aaillia  pourraient  do near  naiaaance  i  daa  tourtillona  nuisiblaa  i 
l'Equilibre  du  vol  da  la  point*  elle-ofae. 


Far  conaEquent,  ai  on  axolut  da  plus  l'utiliaation  d' un  radfaa  tr8a  aneoabrant,  on  cona- 
tata  qua  1 'antenna  doit  8tr*  aoit  imprint e  aur  la  aurfaea,  aoit  anoaatrde  dan*  la  paroi  du  vfhicule. 


fig.  2  -  Antenna  en  bands  C  uvec  aa  fenStre 
da  protection  en  alumine . 


Laa  antannaa  du  type  "ouvarture  rayon- 
nante"  encaatrtea  dana  la  paroi  paraia- 
aant  Stre  laa  aiaux  adaptEes  j  da  plus, 
alias  se  prStent  bian  i  una  analyse 
thEorique  dttaillte  du  rayonnemsnt  [l] 
[3J,  ca  qui  eat  un  a vantage  important 
dana  la  cas  da  1* experience  "Electre". 

L' ouvarture  choisie  ici  eat  un  iria  rec- 
tangulaire  da  dimensions  beaucoup  plus 
petite*  qua  la  longueur  d'onde,  qui  eat 
excitE  par  1 ' intermtdiaire  d'una  cavitE 
parallElEpipEdique  en  alumine  frittE  de 
puretE  supErieure  l  99,5%  (fig.  2). 

La  constante  ditlectrique  relative  de  ce 
type  d'alumine  Etant  9,5,  les  dimensions 
de  la  cavitE  et  de  l'iris  sont  rEduites 
dans  le  rapport  1/3,1  par  rapport  i 
celles  d'un  montage  Equivalent  oil  la 
propagation  se  ferait  dans  l'air. 


La  conductibilitE  thermique  de  1' alumine,  qui  est  sensibloment  la  mEme  que  celle  de  l'acier, 
permet  de  propager  les  calories  apportEes  par  le  gat  chaud  extErieur  sans  que  la  tempErature  i  l'in- 
tErieur  de  l'antenne  ne  dEpaase  les  1100  °K  atteints  dans  les  autres  parties  de  la  structure. 

Qr&ce  &  cet  Echauffement  limitE,  lea  facteurs  de  perte*  diElectriques  et  ohmiques  restent 
&  un  niveau  faible,  de  l'ordre  de  10“’  pour  lea  frEquences  comprises  entre  1  et  10  OEz. 

Les  dimensions  rEduites  de  l'ouverture  rayonnante  permettent  de  sisiplifier  1 'Etude  thEo¬ 
rique  du  rayonnement  au  travers  de  la  coucbe  de  plasma  inhomogdne  enveloppant  la  pointe.  En  effet, 
cette  ouverture  impose  une  rEpartition  unique  du  champ  dans  le  plan  de  separation  situE  entre  la 
cavitE  d'excitation  et  l'espace  extErieur,  de  sorte  que  la  matrice  traduiaant  le  couplage  entre 
lea  modes  ElectromagnEtiques  intSrieurs  et  extErieurs  i  l'antenne  est  rEduite  d  un  seul  terms. 

IV  -  IBS  DISP08ITIFS  D* ADAPTATION 

Pour  les  besoins  de  1'expErience  Electre,  il  Etait  nScessaire  de  contrftler  en  vol  avec 
prEciaicn  les  variations  d'impEdance  des  aiitennes,  et  de  relier  ces  variations  aux  propriEtEa 
physique*  du  plasma.  Ces  mesures  imposaient  une  adaptation  d'impEdance  particulidrement  aoignEe 
an  rEgima  de  rayonnement  libre. 

IV-1.-  Adaptation  dan*  le*  bande*  S  et  C  (fig.  3). 

La  transition  guide  d'onde  coaxiale  en  alumine  C  peut  Etre  dEplacfie  en  translation 
»ur  l'ouvertur*  d'entrEe  de  la  cavitE  d'excitation  B  par  action  aur  las  vi*  poussoir*  H.  Cette 
translation  agit  sur  la  couplage  entre  les  ElEments  B  et  C. 

Un  iria  da  couplage  I  obtenu  par  dEpfit  mEtallique  obatruant  partiellement  l'ouverture 
d'entrEe  da  la  cavitE  B  permet  d'ajuster  1'impEdance  rEactive  du  couplage. 

IV-2.-  Adaptation  an  band*  X  (fig.  U), 

Dans  cett*  game  da  frEquenca,  lea  guides  d'onde  en  alumine  prEsentent  de*  diswnsions  tria 
petite*  qui  rendent  difficile  la  rEalisation  d'un  couplage  prEcis  entre  la  transition  guide  d'onde 
coaxial  at  la  cavitE  d'excitationi  c'aat  pourquoi  on  a  ramplacE  l'alumina  da  la  transition  E  par 
du  fluorbearing,  dont  la  constante  diElectrique  relative  eat  3. 

Le  fluorbearing  prEsente  daa  propriStEs  Slectriquea  senfclsbles  i  call**  du  tEtrafluoro- 
E thy line  dont  il  est  dErlvE,  mais  saa  caractErietiques  mEceniquea  et  tharaiquas  aont  nettament 
smEliorEe*  ;  *n  particular,  1*  faibl*  coefficient  da  dilatation  tharmiqu*  permet  d'Evitar  1* 
flung*  d  l'intfriaur  d'un  montage  mEtallique  tel  qu'un  guide  d'onde,  malgrE  un  Echauffement  impor¬ 
tant. 


partes  radioSlectriques  ont  ftfi  SvaluSee  t  partir  das  rSsultats  da  mesures  faites  an 
vol  avaat  la  phase  d'Schauf foment  cinStique .  En  effet,  du  fait  da  la  grande  ouverture  das  diagrammes 
da  rayonnement,  ces  mesures  ne  pouvaient  ttra  faites  qua  dans  un  environnement  totalement  exempt  de 
reflexions  parasites. 

!**•  essais  thermiques  ont  6t(  r<alis6s  dans  une  tuyJre  de  statorfaeteur  programmSe  da 
faqon  t  reproduire  las  Ichauffements  sub is  par  un  angin  hyper sonique ,  d'sbord  pendant  la  sortie,  puis 
pendant  la  rentrCe  dans  1' atmosphere  i  une  vitesse  dlpassant  Mach  1?.  Ces  essais  ont  permis  de  cons- 
tater  que,  pendant  la  period*  la  plus  intense  de  l'£chauffement,  la  fenftre  en  alumine  protigeant 
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1' antenna  prend  une  forme  bombSe  ver»  1'extSrieur,  correspondent  ft  un  dlplaceaent  de  0,02  ma. 

I>e  petit  espsce  vide  sppsrsisssnt  de  ce  fait  entre  l'iris  rayonnant  et  Is  fanltre  de  protection 
suffiaait  pour  provoquer  un  disaccord  Sleetrique  notable  aur  l'antenne.  Ce  dSfaut  a  pu  Ctre  en  partie 
corrigS  au  moyen  d'un  montage  permettant  de  eompenaer  lea  diformations  mScaniques  et  d1 assurer  un 
contact  permanent  des  surfaces  entre  elles.  De  cette  faqon,  les  taux  d'ondes  stationnaires  meaurSs 
aur  las  prisea  d'entrSe  das  antennas  dans  les  bandes  S,  C  et  X  restaient  infSrieurs  ft  2  pendant  lea 
phases  d'Schauf fement  dScrites  prScSdemment.  Les  essais  en  vol  ont  confirms  largement  ces  rSaultata 
puisque  les  antennes  embarquSes  fonctionnaient  encore  parfaitement  en  dassous  de  1* altitude  20  km, 
c'est-ft-dire  au  delft  de  la  durSe  exigSe  pour  la  rlalisation  du  programme  scientifique. 

VI  -  REALISATION  D'UN  RAYONNEMENT  OMNIDIRECTIONNEL 

La  forme  exacts  du  diagramme  de  rayonnement  d'une  antenne  encastrSe  dSpend  dans  une  large 
mesure  de  la  forme  et  des  dimensions  extSrieures  de  la  structure  qui  la  supports.  Toutefois,  il 
apparatt  qua  dans  tous  les  cas  oil  la  surface  en  question  eat  plane  ou  convexe,  le  rayonnement  couvre 
une  ouverture  angulaire  de  2Tf  stS radian a  ft  -  10  dB.  Cette  propriStS  a  StS  mise  ft  profit  pour 
rSaliser  un  rayonnement  omnidirectionnel  ft  partir  de  deux  SlSments  aeulement,  diaposSs  aur  une 
surface  cylindrique  et  orientSs  dans  dea  directions  diamStralement  oppoaSes  [  2  ]. 

Une  disposition  du  mSme  type  a  permis  de  rSaliser  une  liaison  de  tSlSmesure  en  bande  S 
entre  la  pointe  Electre  et  le  sol.  Cette  liaison  Stait  trfta  peu  affectSe  par  les  trous  de  champ  qui, 
par  ailleurs,  aont  inSvitables  mais  qui,  dans  le  can  prSsent,  Staient  rSduits  au  minimum. 

VII  -  CONCLUSION 

Un  noaibre  important  d'antennes  construites  selon  le  aodftle  dScrit  ci-dessus  ont  SquipS 
deux  pointea  sbientifiques  de  l'operation  Electre.  La  premiftre  a  StS  lancSe  le  23  fSvrier  1971,  la 
seconds  le  12  mars  1972. 

Ces  deux  vols,  exScutSs  dans  les  conditions  exactes  de  la  rentrSe  dans  1' atmosphere  d'un 
engin  balistique,  ont  prouvS  lee  aptitudes  des  antennes  en  question  tant  pour  fonctionner  ft  bord 
d'un  vShicule  hypersonique  que  pour  rSaliser  un  rayonnement  omnidirectionnel  de  bonne  qualitS. 
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SUNKARY 


This  paper  describes  the  experimental  results  obtained  from  notches  of  a  variety  of 
rectangular  shapes  cut  in  semi-infinite  metal  seotions,  and  illustrates  the  various  combinations  of 
centre  frequency  and  impedance  bandwidth  which  can  be  obtained  from  a  notch  of  fixed  physical  length. 
The  results  relate  to  a  notch  used  in  the  self  resonant  mode,  without  any  additional  lumped  reactance. 
The  variables  investigated  (for  a  fixed  length  notoh)  are  noteh  width,  thiokness  of  the  section,  and 
feed  point  position.  It  is  possible  to  drive  the  notoh  either  as  a  narrow  band  quarter  wave  radiator, 
or  as  a  half  wave  radiator  with  a  frequency  bandwidth  of  2. Oil.  Several  possible  applications  are 
disoussed,  including  an  omni-azimuthal  horizontally  polarised  radiator  with  a  band  width  of  3*0:1* 

1.  INTRODUCTION 

Much  of  the  previous  work  on  the  notch  aerial  has  been  confined  to  its  application  to 
speoific  problems.  In  the  present  case  the  properties  of  the  notch  were  studied  in  general  terms,  and 
the  information  contained  in  this  paper  presents  the  results  obtained  at  RAE  by  varying  notch  width, 
notch  depth,  and  feed  point  position  as  defined  in  Figure  1 . 

2.  EXPERIMENTAL  NOTCH 

Figure  1  shows  the  construction  of  the  notoh.  Three  pairs  of  rectangular  metal  boxes 
were  made,  with  depths  of  10cm,  7«5cm  and  5cm.  Each  pair  was  bolted  to  the  base  through  longitudinal 
slots  allowing  adjustment  of  notch  width  between  zero  and  10cm.  The  notch  was  fed  by  a  rj0  coaxial 
feeder.,  the  outer  of  the  feeder  bonded  to  one  face  of  the  notch,  and  the  inner  conductor  continued 
aoross  the  notch  and  connected  to  the  opposite  face.  Each  face  of  the  notch  carried  a  series  of 
attachment  points  along  its  length  at  2. 5cm  intervals,  permitting  stepped  adjustment  of  the  feed 
point  along  the  retch. 

3.  EXPERIMENTAL  NOTCH  RESULTS 

Figure  2  contains  curves  of  voltage  standing  wave  ratio  (VSWR)  versus  frequenoy  for 
combinations  of  a  range  of  values  of  notch  width,  notch  depth,  and  feed  point  position.  Each  block 
showB  VSWR:  frequency  ourves  for  fixed  values  of  both  notch  width  and  notoh  depth,  and  six  values  of 
feed  point  position. 

The  effect  of  variation  of  notoh  width  can  be  seen  by  examination  of  any  set  of  curves 
on  the  same  horizontal  line,  and  that  due  to  notoh  depth  by  comparison  of  similar  values  of  feed 
point  position  in  the  same  vertical  column.  Figure  3  is  an  enlargement  of  one  block  of  Figure  2, 
and  shows  the  effect  of  variation  of  feed  point  position  on  the  VSWR:  frequency  characteristic.  The 
generally  accepted  theory  of  a  self  resonant  notch  is  that  it  can  be  considered  as  a  lossy  short 
circuited  quarter  wavelength  transmission  line.  The  impedanoe  across  the  open  end  is  a  high 
resistive  value,  and  is  zero  at  the  short  oircuit  end.  Therefore,  by  placing  the  feed  point  near 
the  short  circuit  end  of  the  notch,  it  should  be  possible  to  match  into  a  50  ohm  feeder.  The  notoh 
used  in  these  experiments  was  quarter  wavelength  long  at  about  165  MHz.  Referring  to  Figure  3, 
the  topmost  curve  in  the  block  is  for  a  feed  point  12.5  om  from  the  abort  circuit  end  of  the  notch, 
it  is  resonant  at  165  MHz  and  the  bandwidth  ie  email.  As  the  feed  point  is  moved  toward  the  open 
end  of  the  notoh,  the  bandwidth  increases,  but  the  operating  frequenoy  also  shifts  upwards  such  that 
in  the  maximum  bandwidth  position  the  centre  frequenoy  is  of  the  order  of  270-300  MHz,  and  the 
simple  quarter  wave  resonance  theory  applies  no  longer. 

Ills  diagrams  of  Figures  2  and  3  show  a  broken  horizontal  line  representing  a  VSWR  of 
2.5:1,  this  being  taken  aa  a  reasonable  maximum  value,  and  the  blook  in  Figure  2  for  a  5cm  wide,  5om 
deep  notch  shews  on  acceptable  V3WR  from  200  to  390  MHz  with  the  feed  point  32.5om  from  ths  short 
oircuit  end.  These  physical  dimensions  appear  to  be  optimum,  within  ths  limits  of  ths  results 
displayed  in  Figure  2.  One  point  of  interest  is  that  the  characteristic  impedanoe  of  this  partioular 
notch  which  is  square  in  oross  section  (5cm  x  5cm),  viewed  as  a  parallel  plats  transmission  line  is 
approximately  that  of  free  apace,  -  120  0  ohms. 

4.  NOTCH  APPLICATIONS 

One  feature  of  the  notoh  is  that  it  oan  be  built  into  non-etruotural  parte  of  an  alroraft 
to  produoe  a  dregless  aerial,  and  the  wide  band  characteristics  which  ere  now  possible  may  make  it 
more  attractive  to  system  dsoigners.  Among  the  problems  of  engineering  a  notoh  into  an  aircraft 
structure  is  the  effect  upon  the  impedanoe  characteristic  of  radome  material,  and  the  geometry  of  the 
aerofoil  section  in  whioh  it  ie  installed.  If  the  characteristic  impedanoe  of  the  notoh  la  main¬ 
tained  at  120  0  ,  and  its  velocity  ratio  at  1.0,  as  far  as  possible,  ths  engineered  vereion  is  much 
mors  likely  to  attain  the  performance  of  the  laboratory  model.  Thie  point  ie  illuetrated  in 
Figure  4.2.  The  aerofoil  notoh  of  Figure  4.2  has  several  disadvantages,  because  the  orose  aeotion 
changes  the  characteristic  impedance  of  the  notch  ohangee  along  its  length.  Furthersore,  the  dielectric 
cover  for  such  a  notch  ie  in  olose  contact  with  the  edgee,  and  will  further  affect  the  characteristic 
Impedance  and  eleotrioal  length.  The  layout  in  Figure  4.1  is  to  be  preferred.  In  this  csss  ths 
characteristic  impedance  is  maintained  oonetant  throughout  the  length  of  the  notch,  and  the  notch  ie 
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faired  back  to  the  aerofoil  in  such  a  manner  as  to  have  a  minimal  effeot  upon  the  parallel  plate  notoh 
seotion.  The  dielectric  cover  is  removed  from  the  immediate  vicinity  of  the  notch,  and  will  have  only 
a  very  minor  effeot  upon  it  electrically. 

There  could  be  some  advantage  is  siting  components  of  the  associated  system  adjacent  to 
the  notoh,  and  comprising  for  example  the  transmitter  power  amplifier,  and  those  parts  of  a  receiver 
up  to  and  including  the  mixer. 

Figure  5  illustrates  a  model  built  at  RAE  in  an  attempt  to  produce  horizontally  polarised 

radiation  over  a  wide  band,  and  over  a  complete  azimuth.  The  basis  of  the  design  is  an  'ideal  notch* 

scaled  from  the  data  given  in  Figure  2,  cut  in  a  metal  disc.  The  axial  tube  is  to  provide  a  method  of 
mounting.  Detailed  lt^out  is  given  in  Figure  6.  The  notch  is  fed  two  thirds  of  its  length  from  the 
short  circuit  end.  The  triangular  plate  feed  across  the  notch  is  an  attempt  to  reduce  the  series 
inductance  of  the  feed.  Standing  wave  ratio  measurements  were  carried  out  in  the  laboratory  with  the 
disc  well  clear  of  reflecting  objects,  and  also  with  the  disc  mounted  15  and  20cm  above  a  ground  plane. 
The  results  are  given  in  Figure  7«  The  solid  curve  was  obtained  with  the  aerial  free  standing. 

Points  are  also  shown  with  the  aerial  mounted  above  a  ground  plane,  and  indicate  that  the  proximity 
of  the  ground  plane  has  only  a  slight  effeot  upon  the  aerial  impedance. 

Figures  8,  9  and  10  show  the  field  strength  polar  pattern  in  the  plane  of  the  disc  for 

several  frequencies.  In  each  diagram  there  are  two  dips  symmetrically  disposed  on  the  opposite  side 

to  the  notch.  This  is  to  be  expected,  since  it  is  only  in  this  region  that  currents  generated  from 
the  notch  travelling  in  opposite  directions  round  the  edge  of  the  disc  are  comparable  in  amplitude 
at  any  given  point.  In  these  diagrams  'horizontal  polarisation'  is  polarised  along  a  tangent  to  the 
disc.  The  'vertical  polarisation'  recorded  is  certainly  spurious,  and  should  be  disregarded.  Through¬ 
out  the  frequency  band,  there  is  good  all  round  cover,  horizontally  polarised,  with  narrow  10-15dB  dips 
at  the  rear. 


If  two  discs  are  stacked  on  the  same  axis  with  a  small  angle  between  the  two  notches  the 
depth  of  the  dips  is  greatly  reduced. 

5.  CONCLUSION 

For  a  given  set  of  notch  dimensions  it  is  possible  to  obtain  bandwidths  of  2.0:1  from  a 
notch  in  a  semi-infinite  section.  If  bandwidth  is  not  a  primary  consideration  it  is  possible  to  shift 
the  operating  frequency  of  the  notch  by  moving  the  feed  point  alone.  From  a  similarly  proportioned 
notch  in  a  metal  disc,  a  bandwidth  of  3*0:1  may  be  obtained. 
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Fig.3  Enlarged  block  from  Figure  2 
A  5  cms  B  5  cms  C  as  shown 


Fig.  10  Azimuth  plane  pattern  7S0  MHz 
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SUMMARY 

The  NASA  Deep  Space  Net  (DSN),  under  system  management  and  technical  direction  of  JPL,  In  support  of  the 
Viking  Mars  Project  In  1976,  and  for  science  and  technology  demonstrations  during  the  Marlner-Venus- 
Mercury  mission  In  1974,  has  developed  and  Implemented  a  dual  (S'  and  X-band)  feed  for  large  ground 
microwave  antennas.  This  feed  provides  for  a  multiplicity  of  functions;  very  low  noise  listening  cap¬ 
ability  at  each  downlink  (soacecraft-to-earth)  band  as  well  as  simultaneous  dlplexed  very  high  cw  power 
uplink  (earth-to-spacecraft)  at  the  S-band  frequency. 

This  paper  will  stress  total  64-m  antenna  system  performance,  In  terms  of  gain,  operating  noise  temper¬ 
ature  and  dual  beam  pointing  or  boreslght  coincidence.  Because  of  the  unique  ability  to  fold  or  stow  the 
dual  band  feed  elements  for  single  band  operations,  the  performance  definition  between  single  and  dual 
band  operations  will  be  reliable  and  accurate. 


1.  INTRODUCTION 

In  order  to  support  both  science  and  technology  demonstration  objectives,  the  United  States  Mariner-Venus- 
Mercury  spacecraft,  to  flyby  both  Venus  and  Mercury  In  early  1974,  carries  both  S-  and  X-band  radio  trans¬ 
mitters.  Each  spacecraft  transmitter  Is  coherent  with  the  other  and  both  transpond  coherently  given  an 
earth-based  S-band  uplink.  The  ground  antenna  must  therefore  provide  both  S-  and  X-band  downlink  re¬ 
ception  as  well  as  simultaneous  (dlplexed)  S-band  uplink  transmission. 

The  ground  antenna  dual  band  feed  development  and  performance  to  be  discussed  here  Is  a  key  Item  In  the 

Mariner  mission.  Performance  degradations  of  only  a  few  percent  In  the  receive  gal r.  to  noise  temperature 

ratio  (G/T)  would  severely  Impact  the  overall  telemetry  capacity  by  requiring  selection,  by  discrete  step, 

of  a  reduced  data  rate.  Further,  the  primary  mission  objectives  are  achievable  using  S-band  only;  X-band 

Is  a  science  and  technology  experiment  In  the  1974  context.  A  significant  S-band  performance  degradation 
could  not  be  tolerated,  even  at  expense  of  limiting  the  X-band  experiments. 

The  NASA/JPL  64-m  dual  band  ground  antenna  feed  development  objectives  were  therefore  to  provide  unaltered 
S-band  low  noise  high  efficiency  reception  (20K  and  603!  class)  as  well  as  not  Impact  the  very  high  cw 
power  uplink  (400  kW).  A  further  goal  of  optimizing  X-band  reception  was  considered  necessary  since, 
following  the  1974  demonstrations,  follow  on  use  of  X-band  provides  the  basis  for  accurate  navigation  and 
attractive  high  data  rate  links.  It  would  be  uneconomic  to  Invest  In  technology  not  able  to  support  those 
future  objectives. 

2.  TRICONE 

Prior  to  discussing  the  dual  frequency  feed  It  Is  necessary  to  review  the  NASA/JPL  64-m  ground  antenna 
TRICONE  feed  system  (Stelzrled,  1967).  This  system  provides  5  selectable,  single  band  feeds,  housed  with¬ 
in  3  Cassegrain  feedcones  (Fig.  1).  Only  one  feed  Is  functional,  In  the  correct  Cassegrain  focus  and 
total  antenna  boreslght  sense,  at  a  given  time.  It  should  be  recognized  the  functional  feed  operates 
without  degradation  to  total  antenna  system  pointing  or  G/T  performance.  Although  defocussed  feeds  have 
been  employed  as  simultaneous  squinted  beams  useful  for  background  radlometry  during  mission  directed 
S-band  spacecraft  tracking,  they  are  not  normally  active.  The  functional  feed  Is  selected  by  rotating  the 
asymmetric  subreflector  about  an  axis  coincident  with  the  boreslght  axis.  The  vertex  of  the  subreflector, 
which  Is  offset  from  the  boreslght  axis  thus  describes  a  circle  with  a  corresponding  rotation  of  the 
Cassegrain  focus  (Fig.  2).  Precision  Indexing  allows  the  rotation  to  stop  such  that  each  feed.  In  turn, 

Is  perfectly  boreslghted.  Finally,  the  TRICONE  also  houses,  in  addition  to  S-,  X-  and  K-band  front  ends 
(masers,  converters,  and  calibration  equipments),  three  very  high  cw  power  transmitters.  Complete 
descriptions,  Including  operating  performance,  are  available  (Reid,  1972,  1973), 

3.  DICHROIC  FEED  CONCEPT 

Approaches  were  sought  to  fulfill  the  dual  band  feed  development  objectives  previously  stated.  Few,  If 
any,  approaches  were  found  which,  a  priori,  guaranteed  the  primary  performance  requirements.  Furthermore, 
most  known  dual  band  feed  methods  suffered  In  the  sense  that  secondary  performance  Indices  such  as  lack  of 
arc  susceptibility,  lack  of  use  of  dielectric  support  and  other  transmitter  power  or  receiver  location 
considerations  were  not  satisfied. 


This  paper  presents  the  results  o^  one  phase  of  research  carried  out  at  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  under  Contract  No.  NAS  7-100,  sponsored  by  the  National  Aeronautics 
and  Space  Administration. 


Figure  No.  1  NASA/JPL  64-m  Ground  Antenna  With  Tricone  Feeds 


Figure  No.  2  Detail  of  Tricone  Feeds  for  S-,  X-  and  K-Bands 


The  Reflex-DIchrolc  concept  (Bathker,  1972)  evolved  around  the  recognition  that  a  dlchrolc  filter 
(transparent  to  short  wavelengths  but  opaque  to  longer  wavelengths)  could  probably  be  achieved  with  little 
Impact,  In  the  dissipation  sense,  to  energy  at  either  wavelength.  This  Is  so  because  a  dlchrolc  filter 
having  the  stated  high/low,  pats/reflect  function  Is  physically  realizable  In  an  all  metallic  structure. 

A  second  reflector,  ellipsoidal  In  section,  would  be  required  to  guide  and  refocus  the  longer  wavelength, 
In  order  that  the  total  system  be  compatible  with  use  of  existing  but  separate  S-  and  X-band  TRICONE 
feedcones  (Fig.  3).  Thus,  an  arrangement  appeared  conceptually  possible  which  was  all  Cassegrain,  with 
attendant  potential  of  ultra  low  noise  performance.  As  shown  In  Fig.  3,  few  If  any  questions  regarding 
high  power  handling  capacity  are  unanswered.  Preliminary  estimates,  with  consideration  for  the  specific 
geometry  employed,  showed  2-m  diameter  reflectors  were  required  and  mechanical  feasibility  was  rapidly 
established  (Katow,  1971). 

3.1  S-Band  Design 

Detailed  RF  optics  design  was  complicated  both  by  the  asymmetric  geometry  and  by  the  near  range  of  both 
reflectors  (Fig.  4).  Previous  work  by  Ludwig  (Ludwig,  1969)  provided  the  analytical  basis  with  which,  on 
an  Iterative  basis,  the  S-band  radiation  emanating  from  Fs  was,  in  large,  duplicated  with  reference  to 
F* ' .  Because  of  the  geometry  and  generous  size  of  the  dlchrolc  reflector  It  was  found  the  radiation  from 
Fs1  was  nearly  perfectly  duplicated  with  reference  to  Fx.  It  should  be  appreciated  both  Fs  and  Fs1 
would,  In  the  zero  wavelength  limit,  be  foci  of  an  ellipse.  Also  shown  In  Fig.  4  are  fa,  fb,  the  geo¬ 
metric  foci  of  the  required  ellipse,  as  modified  by  the  near  field  behavior  of  this  system,  as  determined 
by  the  near  field  asymnetrlc  scattering  Iterations  mentioned  above. 
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REFLEX  DiCHROIC  FEED  SYSTEM 

TRICONE  INSTALLATION 


Figure  No.  3  Conceptual  Reflex-DIchrolc  Feed  System 


REFLEX  DICHROIC  FEED  RF  OPTICS 


\  TO  SUBREHECTOR  / 


Figure  No.  4  Detail  of  Reflex-DIchrolc  RF  Optics 

Because  of  the  asymmetric  geometry  necessarily  employed,  the  S-band  reflex  feed  patterns  do  not  exhibit 
the  high  level  of  synmetry  as  the  corrugated  waveguide  feedhorn  taken  alone.  Spherical  wave  techniques 
were  used  (Ludwig,  1970;  Potter,  1967;  Ludwig,  1971)  as  well  as  •  new  computer  program  (Potter,  1972),  to 
predict  overall  S-band  performance.  Because  this  feed  design  was  based  on  a  series  of  computer  programs, 
It  was  considered  necessary  to  experimentally  check  the  predictions.  A  1/7  scale  model  program  (Fig.  5) 
produced  measured  patterns,  In  both  polarizations,  essentially  Identical  to  those  shown  In  Fig.  6.  Also 
shown  In  Fig.  6  are  the  predicted  scattered  patterns  of  both  the  horn-ellipsoidal  reflector,  referenced 
to  Fs',  and  th*  horn-ellipsoid  and  a  flat  plate  (simulating  an  opaque  dlchrolc  filter)  taken  together, 
referenced  to  Fx. 

Table  1  summarizes  the  predicted  gain  performance  of  the  S-band  reflex  feed  and  compares  that  with  pre¬ 
vious  TR1C0NE  performance,  Itself  a  slightly  asymmetric  system.  Table  1  Illustrates  the  familiar  trade¬ 
off  In  forward  spillover  and  amplitude  Illumination  loss,  which  Is  a  function  of  feedhorn  gain.  In  this 
case,  the  reduced  forward  spillover  Is  a  result  of  slightly  higher  gain  for  the  horn/el llpsold/ flat  plate 
patterns  than  for  the  horn  alone.  Additional  design  Iterations  with  ellipsoid  shape  would  have  produced 
Identical  gains  but  were  not  considered  necessary.  Table  1  also  shows  the  major  penalty  of  asymmetric 
systems;  radiated  energy  not  contributing  to  forward  antenna  gain  (M»H)  and  resultant  cross  polarization. 
In  summary,  the  reflex  system  was  expected  to  degrade  S-band  gain  performance  less  than  0.06  dB,  and 
negligibly  Impact  the  S-band  noise  temperature. 
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Figure  No.  6  Calculated  and  Measured  Model  Low  Band  Patterns 


Forward  Spillover 
Rear  Spillover 
Amplitude  Illumination 
Phase  Illumination 
Cross  Polarization 
Mf1  Energy 
Central  Blockage 
Quadrlpod  Blockage 
Surface  Tolerance 
Surface  Tolerance 
Surface  Tolerance 
Resistivity 
Leakage 


TABLE  1 

PREDICTED  S-BAND  GAIN  PERFORMANCE 
TRICONE  AND  REFLEX-TRICONE  FEEDS 


TRICONE 

REFLEX-TRICONE 

-0.247  dB 

-0.133  dB 

-0.011 

-0.010 

-0.747 

-0.840 

-0.088 

-0.070 

-0.001 

•0.005 

-0.009 

-0.089 

-0.262 

-0.260 

•0,580 

-0.580 

-0.093 

-0.093 

0 

-0.010 

0 

NEG. 

0 

-0.003 

0 

NEG. 

•2.038  dB 

-2.093  dB 

Due  to  asymmetric  geometry 

Parabclold/Subreflector  0.152  cm 

Ellipsoid  0.051  cm 

Dlchrolc 

Plchrolc;  Relative  to  plane  reflector 
Dlchrolc  (-50  dB) 


Net  Loss,  0.055  dB 


mmmmm 


Preliminary  dichroic  f  1 1  ter  designs  were  based  on  discussions  with  and  previous  work  by  Individuals  et 
Ohio  State  University.  That  work  was  extended  for  circular  polarization  (Woo,  ’971),  These  filters  were 
physically  ultra  thin  (0.4  nm),  perforated  with  an  array  of  reactlvely  loaded  close  spaced  slots.  For 
this  application  the  original  filters  were  found  Inadequate  In  the  dissipation  loss  sense,  providing 
0.3  d8  loss  at  X-band  for  aluminum  construction.  0.3  dB  of  ambient  temperature  dissipation,  when  added 
ahead  of  a  21 K  total  operating  noise  temperature  receive  system  results  In  a  G/T  degradation  of  3  d8  due 
to  doubling  the  temperature  term. 


Intermediate  filter  designs  Increased  bandwidth  with  attendant  lower  dissipation  losses  .2-4K)  and  thicker 
construction  (3  mm).  These  Intermediate  designs  also  suffered  from  mechanical  tolerance  sensitivity 
problems  as  well  as  probable  severe  degradation  due  to  paint,  dirt  and  water  droplet  accumulation. 

Finally,  due  to  the  aspect  ratio  (3  mm  thick,  1  m  diameter),  and  the  geometrical  constraints,  a  difficult 
thermal  distortion  problem  was  Identified.  When  Illuminated  with  400  kW  S-band,  with  a  beam  diameter  of 
approximately  40  cm,  the  thin  filters  Invariably  heated  and  became  bowed,  relative  to  S-band  flatness 
requirements. 


An  excellent  alternative  to  the  thin  thermal  dependent  type  dlchrolc  filters  was  proposed  and  developed 
by  Potter  (Potter,  1973).  The  solution  was  to  obtain  resonance  by  the  simple  means  of  a  halfwave  thick 
array  of  dominant  mode  cylindrical  waveguide  apertures.  At  X-band  this  construction  is  3.6  cm  thick  with 
a  calculated  dissipation  loss  of  0.012  dB  using  aluminum  (rig.  7).  Measurements  proved  an  operating 
system  noise  temperature  increase  of  1.2K  (0.02  dB),  due  to  dissipation,  with  virtually  no  X-band  pattern 
degradation.  8andwidth  is  approximately  100  MHz  for  the  specific  tilt  angle  and  horn  beamwidth  (angular 
scan)  employed. 


Figure  No.  7  Halfwave  Thick  Dichroic  Filter 


Because  the  geometry  shown  in  Fig.  4  tilts  the  dichroic  filter  at  30  degrees  off  normal  to  the  X-band  horn 
boresight,  the  £-  and  H-plane  dichroic  resonant  frequencies  are  slightly  split.  Use  of  circular  polar- 
l  ization  results  in  different  transmission  phase  shifts  for  orthogonal  waves  traversing  the  filter.  The 

;  differential  phase  shift  results  In  an  on-axis  X-band  ellipticity  of  1.8  dB  which,  accepting  a  perfectly 

■  circularly  polarized  antenna  at  the  other  end  of  a  link,  produces  an  additional  0.04  dB  transmission  loss. 

Another  result  of  differential  resonant  frequencies  for  the  tilted  array  is  an  approximate  -18  dB 
l  reflection.  This  has  two  effects;  an  additional  0.04  dB  reflection  loss,  and  a  slowly  varying  noise 

[  temperature  term  for  the  complete  antenna,  due  to  scatter,  which  is  a  function  of  elevation  angle.  The 

\  magnitude  of  this  additional  noise  is  0.4  to  1.2K. 

;  The  total  gain  degradation  at  X-band  is  therefore  0.10  dB  for  a  link  employing  circular  polarization.  The 

total  noise  temperature  degradation  is  1.6  to  2.4K.  Accepting  2. OK  as  an  average,  and  referenced  to  a 
base  operating  noise  temperature  of  21 K,  0.4  dB  is  lost  to  noise,  for  a  total  G/T  reduction  of  0.5  dB. 
Prospects  for  largely  eliminating  the  reflection  and  elliptical  polarization  loss  appear  bright.  If 
accomplished,  the  overall  degradation  at  X-band  due  to  this  technique  appears  limited  at  0.02  dB  gain  and 
0.25  dB  temperature,  for  aluminum  construction  and  a  21K  base  system  temperature. 


4.  FULL  SCALE  REFLEX  FEED  MEASUREMENTS 


A  feature  deemed  necessary,  at  least  for  the  prototype  full  scale  feed,  was  mechanisms  to  allow  rapid 
retraction  or  stowage  of  both  dual  band  feed  reflectors.  By  these  means  the  rather  small  G/T  degradations 
predicted  could  be  accurately  and  reliably  verified  using  radio  star  techniques.  A  further  use  of  the 
mechanism  on  the  ellipsoidal  reflector  is  to  permit  precision  closed  loop  S-band  polarimetry  previously 
employed  (Stelzried,  1970).  In  this  S-band  only  mode,  full  advantage  of  a  very  accurate  polarimeter 
would  not  be  compromised  by  increased  cross  polarization.  A  final  use  of  the  mechanism  on  the  dichroic 
reflector  is  to  allow  a  clear  field  of  view  for  the  K-band  feed.  Figure  8  shows  a  model  TRICONE  demon¬ 
strating  the  reflex  dichroic  feed  elements  extended  and  retracted. 


t 


29-6 


Figure  No.  8  Reflex  Dichrolc  Feed  Elements  Extended  and  Retracted 

64-m  antenna  tests  were  conducted  to  Include  differential  measures  of  the  all  Important  G/T  at  both  bands, 
boreslght  coincidence  or  beam  coaxiality,  and  high  power  transmission,  at  frequencies  of  2.295,  8.415  and 
2.115  GHz,  respectively.  Table  2  summarizes  the  measured  performance  of  the  full  scale  prototype  dual 
band  feed  as  Installed  at  Golrlstone,  California,  January  1973. 

In  Table  2  It  Is  seen  the  measured  S-band  gain  performance  Indicates  Improved  performance  (+0.01  dB), 
when  pointing  on  the  S-band  beam  peak.  When  allowance  for  0.04  dB  pointing  loss  Is  made,  (discussed 
belcw)  the  S-band  gain  performance  difference  between  reflex  and  non-reflex  modes  Is  difficult  to  dis¬ 
tinguish  (0.03  dB).  Because  of  the  reduced  forward  spillover  and  the  TRICONE  geometry,  the  S-band  noise 
temperature  performance  Is  seen  Improved  In  Table  2.  Most  of  this  Improvement  Is  due  to  relative  feedcone 
positions  upon  the  TRICONE  with  respect,  to  the  ground,  however,  and  Is  not  attributed  to  the  new  feed. 

This  is  so  because  the  S-band  radiation,  In  the  reflex  mode,  effectively  emanates  from  Fx  rather  than  Fs 
(Fig,  4).  The  X-band  measured  performance  Is  In  perfect  agreement  with  predictions.  The  standard  de¬ 
viations  1 n  the  gain  difference  determinations  are  approximately  0.02  dB  and  0.10  dB,  for  S-  and  X-band$ 
respectively.  No  deleterious  thermal  effects  are  observed  with  use  of  full  uplink  power. 


TABLE  2 

PREDICTED  AND  MEASURED  PERFORMANCE  SUMMARY 
REFLEX  D1CHR0IC  FEED 


PREDICTED 

MEASURED 

NOTES 

S-Band  Gain 

-0.055  dB 

-0.03  dB 

Measurement  Includes  0.045  dB  Pointing  Loss 

S-Band  Temperature 

None 

None 

2. OK 

Above  30  Degrees  Elevation  Angle 

Improvement  Below  30  Degrees  Elevation  Angle 

X-Band  Gain 

-0.10  dB 
-0.06  dB 

-0.06  dB 

Circular  Polarization 

Random  Polarization 

X-Band  Temperature 

+1.6  to  2.4K 

+1.5  to  2.3K 

Uplink  cw  Power 

None 

None 

Figure  9  Is  a  view,  facing  the  parabolic  reflector,  relative  to  local  vertical,  of  the  RF  beam  positions 
in  space.  Four  beams  are  shown;  the  singular  S-  and  X-band  non-reflex  beams  (subreflector  Individually 
focussed  and  dual  band  reflectors  stowed)  and  the  simultaneous  reflex  beams  (subreflector  focussed  to  Fx 
and  dual  band  reflectors  functional).  Several  observations  are  worthwhile  noting.  The  singular  S-  and 
X-band  beams  aie  offset  0.003  degree,  typical  of  our  experience  with  attained  accuracy  In  feedhorn  place¬ 
ment  within  the  feedcones  (±6  mm)  and  TRICONE  subreflector  repeatability.  Use  of  the  dichrolc  reflector 
produces  the  noticeably  lower  X-band  reflex  beam  (0.011  degree).  This  results  from  refraction  through 
the  relatively  thick  dichrolc  plate.  The  30-60  degree  characteristic  seen  In  Fig,  9  Is  traceable  to  the 
TRICONE  geometry  (Fig.  8)  with  respect  to  local  vertical.  Upon  first  installation,  the  S-band  reflex  beam 
was  found  displaced  0.009  degree  to  the  right  of  the  non-reflex  beam.  This  effect  results  from  use  of 
circular  polarization  In  the  presence  of  asymmetric  geometry  Induced  cross  polarization  mentioned  above. 
Although  not  verified.  It  Is  predicted  use  of  the  opposite  hand  circular  polarization  would  produce  an 
S-band  reflex  beam  peak  displaced  an  equal  amount  to  the  left  of  the  non-reflex  beam. 
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Minor  mechanical  shimming  subsequently  moved  the  S-band  reflex  beam  Into  the  most  advantageous  location 
relative  to  the  X-band  reflex  beam,  as  seen  In  Fig.  9,  for  the  obvious  reason  of  minimizing  gain  loss  due 
to  pointing.  As  shown  In  Fig.  9,  when  tracking  on  the  X-band  reflex  beam  peak,  a  gain  loss  of  0.045  dB  Is 
Incurred  at  S-band.  Within  the  limits  Imposed  by  the  aforementioned  S-band  cross  polarization  Induced 
beamshlft,  the  present  simple  modification  to  the  original  mechanically  determined  alignment  Is  the  best 
possible  In  order  to  provide  for  future  S-band  polarization  diversity  In  the  reflex  mode.  The  reason  for 
the  alignment  modification  was  entirely  traceable  to  the  X-band  refraction  through  the  dlchrolc  plate. 


OSS  14  RF  BEAM  POSITIONS 


Figure  No.  9  RF  Beam  Positions;  Reflex  Dlchrolc  Elements  Extended  and  Retracted 

Figure  10  shows  a  simultaneous  radio  star  drift  scan  using  high  resolution  S-  and  X-band  noise  adding 
radiometers  (Batelaan,  1970)  as  recorded  on  a  2  pen  recorder.  The  high  degree  of  coaxiality  between  the 
reflex  beams  Is  obvious.  The  expected  half  power  beamwldths  at  each  band  Is  further  verification  of 
proper  performance.  Finally,  Fig.  11  provides  a  view  of  the  full  scale  reflex-dlchrolc  feed  Installed  and 
In  the  extended  functional  position  on  the  NASA/JPL  64-m  antenna  at  Goldstone,  California 


-V  *  SIMULTANEOUS  DRIFT  SCAN,  REFLEX  FEED  DSS-14 


* 0,100 •  0  -0.J00* 


Figure  No.  10  Radio  Star  Simultaneous  Drift  Scan 


Figure  No.  11  Full  Scale  Reflex  Dlchrolc  Feed  Functional  on  64-m  Antenna 

5.  SUMMARY  AND  CONCLUSIONS 

A  dual  band  feed  suitable  for  large  ground  microwave  antennas  has  been  described.  In  contrast  with  some 
solutions  to  the  difficult  problem  of  dual  band  feeding  reflector  antennas,  the  Implementation  described 
retains  high  G/T  performance  at  both  bands  as  well  as  not  degrading  very  high  cw  power  transmission  at  the 
longer  wavelength. 

Conceptually,  the  approach  centers  on  an  all -Cassegrain  arrangement  and  use  of  an  all  metallic  dlchrolc 
filter.  A  priori  estimates  of  performance  are  possible  and  reliable,  thereby  minimizing  risks.  Present 
performance  Is  obtained  with  minimal  degradations,  In  G/T,  of  substantially  less  than  0.1  dB  (low  band) 
and  0.5  dB  (high  band).  Possible  Improvement  In  high  band  performance  to  0.25  dB  Is  considered  achiev¬ 
able  with  reasonable  means. 

Facility  operating  time  and/or  performance  penalties  are  frequently  experienced  In  providing  rapid  change 
or  multiwavelength  feeds  for  large  ground  antennas.  Both  radio/radar  astronomy  centers  as  well  as  deep 
space  tracking  installations  share  this  common  problem  despite  ever  Increasing  technical  and  economic 
demands.  The  approaches  described  above  (TRICONE,  REFLEX  DICHROIC  FEED)  yield  significant  capability  and 
flexibility  without  undue  performance  penalties  nor  unrealistic  reconfiguration  times. 

The  ambitious  objectives  of  the  Marlner-Venus-Mercury  project  primary  mission  and  experiments  will  un¬ 
doubtedly  be  enhanced  through  use  of  the  described  additional  capability. 
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DISCUSSION 


S.  OO.TNBLKET:  Could  not  the  elllptloity  effect  at  x-bond  have  been  overcome  by  using 
colic  of  square  oross-seotion?  In  addition  would  not  an  all  dielectric  (multilayer)  filter 
have  been  an  advantage? 

D,j\»  BATHKERi  We  view  each  cell  as  a  single  pole  resonant  filter,  capable  of  transmission 
in  each  ortEogonal  polarisation.  But  the  second  order  effect  of  having  the  array  of  cells 
tilted  at  30°  to  the  inoident  wave  in  fact  produces  two  resonances,  closely  spaced  in 

freqienoy.  Presumably  this  is  caused  by  the  equivalent  circuit  elements  (2  end  sueoeptanoes 
separated  by  a  length  of  transmission  line  slightly  shorter  than  >W2)  being  different  for 
various  incidence  angles.  I  believe  square  cross  section  would  still  produce  the  resonance 
splitting.  Very  slightly  rectangular,  or  elliptical  cells  rather  than  square  and  round, 
respectively,  have  been  tried  with  sucoesa. 

Ihe  selection  of  an  all  metallic  realization  of  the  filter  was  based  on  the  highc.w. 
power  we  simultaneously  transmit,  as  well  as  the  desire  to  keep  the  insertion  loss  upon 
reception  ae  low  as  possible  for  operating  noise  temperature  minimisation.  While  a 

'liter  may  well  have  advantage  in  other  systems,  I  believe  the  single  pole  all 
metallic  version  is  superb  for  our  specific  system.  poj.®  aiA 

Th®  lo5®  in  Sain  due  to  cross  polarisation  waB  stated  as  -.001  dB  it  *005dB 
-  i  trioone  reflex  tricone  feeds*  What  are  the  corresponding  levels  of  the  cross 
polar  lobes?  A-iso  what  are  the  cross  polar  lobe  levels  for  x-band  fperation? 

Derf^-n^T^i^Th^S^°?nfe!:eno<,vUrther  demonstrates  the  keen  interest  in  cross  polar 

from  thfe,num58rs  of  Papers  either  dealing  with  the  topic  or 
mentioning  it,  and  with  the  many  queries  from  the  floor  to  various  authors. 

systems0  weShflve  diagonal  plane  oroes  polarization  found  in  symmetric  reflecting 

Myi5?tricLhS-bMd  cr0BS  polar  lob®8 »  generated  by  the  8 

and  fe®d.  AS  in  a  hoghorn  or  horn  reflector  feed,  principal  plane  cross 
Jo°be?  generated  in  the  mechanical  symmetric  plane*  Prom  calculation  we  ohtAi* 

confidence  in  the  calculation  is  fiiSL  UhS  «iv2S  SSiSS  degrees),  and  our 

cross  polar  beam  snvwh«m  in  ♦  5rven  Yalu®,  1°  therefore  considered  the  worst 

avfilabie  ?JPL  Technical  report  32-1526,’ vol.  XVXi  pp! 28-38, "Snd 32-^26,  54 
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Employment  of  Nearfield  Cassegrain  Antennas  with  High  Efficiency  and  Low  Sidelobes. 
talcing' the  Inteisat-Groundsiations  and  the  German  fcel los-Telecommandstatlon  as  Examples 

by 

Uwe  Leupelt  Siemens  AG,  Zentrallaboratorium  fur  Nachrichtentechnlk,  Lab  548, 

Wolfgang  Rsbhan  D-8000  Miinchen  70,  Hofmannstr.  51 

Summary 

A  number  of  the  large  reflector  antennas  now  employed  by  ground  stations  for  satellite 
communications  are  constructed  according  to  the  nearfield  Cassegrain  technique.  After 
a  short  description  of  the  basic  electrical  principles  involved  as  well  as  of  the 
method  of  obtaining  constant  aperture  illumination  with  the  nearfield  antenna  also  and 
thus  optimizing  efficiency  by  suitable  shaping  of  the  reflectors,  a  novel  design  for 
antennas  of  this  type  will  be  discussed.  It  allows  the  sidelobes  of  the  radiation 
pattern  to  be  reduced  without  excessively  reducing  gain.  A  special  toroidal  aperture 
illumination  and  a  favorable  arrangement  of  the  subreflector  supports  are  used  for 
this  purpose.  The  dimensions  and  design  of  the  28.5-m  antennas  already  mentioned  in 
connection  with  the  Intelsat  system  will  be  discussed  and  the  30-m  antenna  now  under 
construction  for  the  German  Helios  telecommand  station  will  be  described  as  an  example 
for  the  realization  of  an  antenna  with  low  sidelobes.  Af+3r  presenting  typical  electri¬ 
cal  characteristics  of  the  2Q.5-m  standard  antenna  we  will  give  the  radiation  charac¬ 
teristics  at  higher  frequencies  and  the  cross-polarization  properties  with  the  aid  of 
measured  radiation  patterns.  Finally  we  will  deal  with  prospects  for  possible  improve¬ 
ments  to  further  increase  efficiency  and  to  reduce  spillover. 


1.  Electrical  principles  of  high  efficiency  nearfield  Cassegrain  antennas 

During  the  past  decade  a  number  of  large  Cassegrain  antennas  have  been  developed  for 
satellite  communications,  primarily  for  transmitting  the  4-GHz  and  6-GHz  frequency 
bands.  Some  of  these  antennas  operate  in  accordance  with  the  nearfieid  technique,  in 
which  the  subreflector  is  located  in  the  nearfieid  of  the  feed.  This  arrangement  has 
certain  advantages  over  a  Cassegrain  antenna  with  its  subreflector  in  the  farfield  of 
the  feed.  The  main  advantages  are  the  wider  bandwidth,  lower  spillover  losses  at  the 
reflector  edges,  the  correspondingly  lower  sidelobes  and  lower  noise  temperature  and 
last  but  not  least  che  low  back  radiation  of  the  antenna.  The  first  antenna  of  this 
type  was  the  25-m  antenna  of  the  satellite  ground  station  in  Raisting  erected  in  1964 
(Fig.  1).  It  has  a  deep  parabolic  reflector  with  an  F/D  of  0.25  and  a  horn  reflector 
feed  arranged  at  the  apex  of  the  main  reflector.  An  approximately  plane  wave  propa¬ 
gates  between  the  aperture  of  the  feed  and  the  subreflector.  Therefore  the  subreflek- 
tor  is  approximately  parabolic  in  shape.  However,  since  the  power  carried  by  the 
primary  wave  is  not  distributed  homogeneously  over  the  cross  section  of  the  beam  but 
is  highly  concentrated  in  the  middle,  an  aperture  illumination  pattern  tapered  strongly 
toward  the  edges  is  obtained  in  the  main  reflector  aperture.  As  we  well  know,  the  most 
uniform  illumination  pattern  possible  is  desired  to  provide  high  efficiency  and  the 
associated  high  antenna  gain.  Thus  even  at  the  time  mentioned  we  tried  to  influence 
the  aperture  illumination  in  this  sense.  We  had  a  measure  of  success  with  concentric 
rings  fixed  at  the  subreflector,  which  transferred  more  energy  to  the  poorly  illuminated 
edge  zones  of  the  main  reflector,  but  at  the  same  time  resulted  in  phase  errors.  The 
overall  efficiency  of  the  antenna  was  53  %  /  1  J .  In  the  years  that  followed  the  method 
of  aperture  field  synthesis  by  means  of  suitable  shaping  of  both  Cassegrain  reflectors 
became  well  known,  partly  through  the  work  of  Galindo  /  2./.  These  principles  were 
applied  to  the  second  and  third  nearfieid  Cassegrain  antenna  of  the  Raisting  ground 
station,  their  diameter  having  been  increased  to  28.5  m,  and  to  a  similar  antenna 
erected  in  the  Netherlands,  and  provided  an  initial  increase  in  antenna  efficiency 
to  67  96  (Raisting  III  and  a  final  increase  to  70  %  and  72  96  (for  Raisting  III  and 
Burum  I  respectively).  Three  conditions  affect  the  profile  of  the  reflectors:  the 
reflection  law  at  the  subreflectcr,  the  same  ray  lengths  between  the  primary  wave 
and  the  antenna  aperture,  and  the  law  of  conservation  of  energy  for  ray  beams  The 
energy  law  provides  us  with  an  integral  equation  describing  the  transfer  of  the  primary 
field  to  the  aperture  field,  and  this  integral  equation  can  be  solved  directly  for  some 
simple  illuminations  such  as  uniform  illumination.  The  desired  contours  are  then  obtained 
basically  by  interpolation  and  integrating  the  primary  field  distribution  determined 
experimentally.  Since  the  reflector  shaping  method  which  we  have  refined  for  nearfieid 
Cassegrain  antenna"  is  also  of  significance  for  the  problem  of  sidelobe  suppression, 
it  is  outlined  below:  the  primary  wave  which  is  required  to  be  rotationally  symmetri¬ 
cal  is  reflected  at  the  subreflector  roughly  in  accordance  with  the  laws  of  optics 
and  transformed  to  a  secondary  wave  of  certain  intensity  distribution  according  to 
the  subreflector  curvature.  The  field  is  intensified  toward  the  edge  zones  of  the  main 
reflector  or  weakened  toward  the  apex  zone  either  by  reducing  the  curvature  of  the 
subreflector  in  the  edge  zones  or  by  increasing  it  at  the  center.  The  subreflector  is 
much  deeper  than  in  the  case  of  a  paraboloid  as  a  result  of  this  change  of  profile. 

Since  a  reflector  of  arbitrary  chape  no  longer  has  a  focal  point,  the  wave  radiated 
from  the  subreflector  is  no  longer  spherical.  The  shape  of  the  main  reflector  is  also 
changed  to  compensate  for  resultant  phase  errors.  Thus  the  depth  of  the  main  reflector 
is  increased  by  the  same  amount  as  that  of  the  subreflector,  though  the  relative  change 
is  much  less.  The  exact  calculation  makes  allowance  for  the  fact  that  any  change  in  the 
profile  of  the  main  reflector  also  has  a  certain  effect  on  the  path  losses  of  the 
secondary  wave  and  thus  the  amplitude  characteristic  of  the  aperture  distribution. 
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In  order  to  make  the  aperture  field  synthesis  method  even  more  effective,  future 
efforts  will  be  directed  toward  the  improvement  of  the  feed  or  nearfield  Cassegrain 
artennas,  too,  to  provide  an  approximately  rotationally-symmeti ical  primary  field 
distribution.  Some  of  the  details  on  the  design  and  experimental  results  of  the 
antennas  developed  by  Siemens  for  Intelsat  ground  stations  have  already  been  pre¬ 
sorted  f  3,l+,5  J .  The  overall  efficiency  of  70  to  72  %  obtained  by  means  of  reflector 
shaping  almost  represents  the  theoretical  optimum  obtainable  with  antennas  of  this 
kind.  The  losses  incurred  are  mainly  due  to  unavoidable  diffraction  and  shadowing 
effects. 

2.  Principle  of  an  antenna  with  very  low  sidelobes 

Along  with  gain,  the  sidelobe  envelope  is  another  important  feature  of  a  satellite 
ground  antenna.  Sidelobes  which  are  directed  at  "hot  zones"  of  the  neighboring  area 
increase  the  antenna's  noise  temperature,  Sidelobes  also  pick  up  interference  from 
other  radiation  sources  and  themselves  act  as  a  source  of  interference  to  other 
communications  services  such  as  radio  relay  links  at  higher  transmitting  powers.  Our 
nearfield  Cassegrain  antennas  which  are  designed  for  maximum  gain  have  very  high  side- 
lobe  attenuation  in  the  rear  hemisphere  and  in  the  bordering  solid  angle  ranges  of  the 
front  hemisphere. 

In  the  solid  angle  ranges  bordering  onto  the  main  lobe,  however,  the  sidelobes  are 
still  relatively  high  as  a  result  of  the  uniform  illumination  which  is  unfavorable 
in  this  respect.  The  first  attempt  to  reduce  the  sidelobes  in  this  range  was  made 
with  the  30-m  antenna  of  the  German  Helios  telecommand  station  now  under  construction 
near  Weilheim  (frequency  range  2,1  to  2.3  GHz).  Fig.  2  shows  the  theoretical  possibi¬ 
lities.  Curve  1  is  the  sidelobe  envelope  curve  obtained  with  uniform  illumination. 

The  slight  variations  are  caused  by  the  shadowing  effect  of  the  subreflector.  Curve  2 
shows  the  envelope  curve  for  quadratic  tapered  aperture  distribution.  The  effect  of 
the  subreflector  having  been  ignored.  The  sidelobes  are  greatly  reduced.  Curve  3, 
which  is  a  true  representation  of  the  antenna  characteristic,  is  obtained  if  allo¬ 
wance  is  made  for  the  influence  of  the  subreflector.  The  wide  humps  are  the  side¬ 
lobes  of  the  subreflector's  interference  radiation  pattern.  The  presence  of  the  sub- 
reflector  almost  completely  offsets  the  reduction  of  the  sidelobes,  and  for  this 
reason  other  illumination  patterns  which  are  otherwise  very  favorable  (e.g.  Taylor 
illumination)  do  not  make  any  great  improvement  in  this  case.  As  theoretical  investi¬ 
gation  has  shown,  the  real  cause  of  the  high  sidelobes  is  the  sharp  fall  in  the  field 
at  the  edge  of  the  subreflector.  The  sidelobe  envelope  curve  4  in  Fig.  2  is  obtained, 
for  example,  with  the  aid  of  a  similarly  uniform  field  taper,  such  as  that  towards 
the  aperture  edge.  Although  the  influence  of  the  subreflector  is  still  noticeable, 
improvements  in  the  sidelobe  suppression  of  over  20  dB  are  evident.  The  first  sidelobe 
is  the  only  one  which  is  not  reduced.  However,  since  the  first  sidelobes  are  never  in 
the  horizontal  plane  under  actual  operating  conditions  this  is  of  no  consequence. 

Fig.  2  also  shows  the  torus-shaped  illumination  associated  with  envelope  curve  4.  The 
shape  of  the  curve  obeys  the  function 

f (x)  -  1  -  x2  +  2  x  jjj  •  lnx  (1) 

where  x  is  the  radius  refered  tc  the  antenna  radius.  xM  signifies  the  point  of  maximum 
illumination  and  is  related  to  the  normalized  subreflector  radius  «c  according  to  the 
formula:  9  5 

2  x  ‘  -  1  )/ln<<  (2) 

The  function  is  optimal  in  the  following  sense:  the  smoothest  possible  illumination 
characteristic  is  desired  for  reasons  of  realization  and  of  the  effect  on  the  side¬ 
lobes.  If  the  integral  of  the  squared  first  derivatives  of  the  aperture  distribution 
taken  across  the  aperture  area  is  used  to  represent  the  degree  of  smoothness  of  the 
curve,  a  function  giving  the  maximum  aporture  efficiency  is  obtainable  for  a  given 
smoothness  using  the  calculus  of  variations.  Thin  function  contains  u  parameter  which 
depends  on  the  smoothness  and  which  can  be  so  determined  that  the  curve  is  as  smooth 
as  possible.  We  obtain  equation  1  for  this  parameter  value.  It  serves  as  a  basis  for 
the  design  of  the  antenna  of  the  Helios  telecommand  station.  In  spite  of  the  improved 
sidelobe  attenuation,  the  aperture  efficiency  of  80.3  #  is  markedly  higher  than  the 
74  %  for  the  quadratic  tapered  aperture  distribution. 

The  illumination  is  pr.  duced  by  suitable  shaping  of  the  Cassegrain  reflectors.  For 
calculation  purposes  the  calculating  method  outlined  above  for  the  uniform  illumination 
was  extended  in  the  following  manner:  the  desired  torus  illumination  is  transformed 
return  to  the  primary  field  along  the  ray  pathes  of  a  reflector  system  computed  for 
conste-nt  aperture  distribution.  There  the  measureu  primary  field  strength  is  divided 
by  the  transformed  torus  distribution  afterwards  the  fictitious  primary  field  obtained 
in  this  way  is  used  to  calculate  new  reflector  contours  for  a  uniform  illumination 
pattern  The  torus  illumination  is  again  transferred  to  the  primary  field  along  the 
rays  of  the  now  reflector  system  a.s.o.  By  using  this  iteration  process  which  converges 
sufficiently  when  certain  conditions  are  met  it  is  possible  to  determine  successive 
pairs  of  reflector  contours  which  rapidly  approach  the  correct  contour.  Fig.  3  shows 
the  exact  contours  with  associated  secondary  rays  and  the  phase  and  amplitude  distri¬ 
bution  in  the  primary  field  determined  from  experimental  values.  Experiments  were  made 
with  a  modeil  for  33  GHz  to  see  whether  the  torus  illumination  could  be  realized. 

Fig.  4  shows  the  result  of  testing  one  half  of  the  aperture  with  a  probe  (the  curve 
marked  by  a  thioi:  line).  The  outor  side  of  the  circular  maximum  falls  by  about  20  dB 
while  the  inner  side  falls  by  about  15  dB.  Slight  interference  variations,  resulting 
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primarily  from  the  spillover  of  the  primary  wave  at  the  edges  of  the  subreflector, 
make  the  response  curve  somewhat  uneven  and  way  be  even  more  troublesome  in  other 
measuring  planes  of  the  field.  The  thin  curve  in  Fig.  4  shows  the  intensity  of 
the  primary  field  measured  in  the  aperture  after  the  subreflector  has  been  removed. 

We  can  see  clearly  the  way  in  which  the  spillover  fills  the  inner  zero  point  of  the 
torus  illumination,  with  the  result  that  the  sidelobe  level  of  the  antenna  rises. 
Further  sources  of  interference  to  the  aperture  field  are  diffraction  effects,  re¬ 
flector  tolerances  and  expecially  the  subreflector  supports,  which  also  raise  the 
sidelobe  level. 

To  reduce  influences  of  the  supports  only  two  struts  were  used,  both  fixed  <n  the 
main  vertical  plane  of  the  antenna.  The  subreflector  is  tensioned  perpendicular  to 
this  plane  by  means  of  thin  ropes.  The  interference  radiation  caused  by  the  supports 
is  mainly  concentrated  in  the  plane  defined  by  the  guy  ropes.  Since  the  antenna  is 
only  operated  at  angles  of  elevation  of  over  10°,  the  interference  due  to  the  supports 
is  greatly  reduced  in  the  horizontal  plane,  which  is  the  one  concerning  us  here.  The 
interference  in  the  plane  of  the  supports  is  lower  with  torus  illumination  than  with 
uniform  illumination.  In  spite  of  the  numerous  sources  of  interference  to  the  aperture 
illumination  which  have  not  yet  been  minimized,  the  maximum  sidelobe  level  in  the 
horizontal  plane  was  shown  to  have  decreased  by  approximately  5  dB  throughout  the 
antenna's  operating  elevation  range  when  changing  from  uniform  to  torus  illumination 
in  experiments  carried  out  with  the  33-GHz  model.  The  value  of  about  50  dB  obtained 
for  the  sidelobe  suppression  is  still  considerably  above  the  theoretical  maximum, 
however.  The  total  efficiency  determined  experimentally  is  around  50  %  in  the  case 
cf  this  not  yet  fully  optimized  antenna,  putting  it  on  a  par  with  the  efficiency  of 
conventional  parabolic  antennas  tapered  down  toward  the  edge  of  the  aperture.  Finally 
we  would  like  to  point  out  that  the  new  principle  of  torus  illumination  is  also  appli¬ 
cable  with  other  antennas  whose  apertures  are  partially  obscured  by  interfering  bodies. 


3.  Implementation  and  construction  of  nearfield  antennas 

Since  satellite  communications  commenced  in  the  early  Sixties,  approximately  90  anten¬ 
nas  for  so-celled  standard  ground  stations  have  been  put  into  operation  or  are  under 
construction  in  accordance  with  the  ICSC  (Interim  Communications  Satellite  Committee) 
guidelines  and  in  the  framework  of  the  world-wide  Intelsat  communications  system.  They 
are  based  on  the  experience  gained  with  the  first  experimental  stations.  The  Casse¬ 
grain  antenna  has  become  almost  the  universal  standard  type.  The  nearfield  Cassegrain 
antenna  accounts  for  about  15  %  of  this  group.  We  ourselves  employ  a  horn  reflector 
with  an  aperture  comparable  in  size  to  the  diameter  of  the  subreflector  as  a  nearfield 
feed.  (Fig.  5).  It  consists  of  a  parabolic  passive  reflector  illuminated  by  a  conical 
horn  with  a  circular  cross-section.  The  apex  of  the  horn  and  the  focus  of  the  passive 
reflector  coincide;  the  axis  of  the  horn  is  perpendicular  to  that  of  the  paraboloid. 

The  spherical  wave  from  the  horn  is  transformed  to  a  plane  wave.  The  energy  radiated 
by  the  horn  reflector  remains  concentrated  in  an  approximately  parallel  ray  beam  over 
a  wide  frequency  range  in  the  nearfield.  The  performance  of  the  antenna  which  to  a 
large  degree  observes  laws  of  geometrical  optics  is  of  decisive  importance  for  the 
extremely  broadband  nature  of  the  system. 

This  feed  is  so  incorporated  that  the  horn  axis  lies  in  the  elevation  axis  and  an  RF 
rotary  .joint  near  the  horn  apex  allows  the  equipment  to  be  connected  to  be  set  up 
without  regard  to  xhe  antenna's  elevation  movements.  A  completely  stationary  equipment 
room  is  also  made  possible  by  bending  the  conical  horn  section  downwards  with  the  aid 
of  an  additional  plane  reflector  and  feeding  the  apex  of  the  horn  into  a  second  RF 
rotary  Joint  in  the  azimuth  axis  via  u  slightly  curved  circular  waveguide  (Relating  2). 
The  flare  angle  and  length  of  this  type  of  feed  is  adaptable  within  wide  limits  to  the 
mechanical  design  of  the  antennas. 

The  standard  antennas  which  we  have  designed  up  till  now  have  a  main  reflector  resemb¬ 
ling  a  paraboloid  with  a  diameter  of  28.5  m  and  a  depth-to-diemeter  ratio  of  approxi¬ 
mately  0.26.  The  rms  value  of  the  main  reflector  profile  is  about  1  mm,  and  the  ratio 
of  the  diameter  of  the  subreflector  to  that  of  the  main  reflector  is  about  0.09.  The 
subreflector  is  held  in  the  plane  of  the  main  reflector  by  4  short  metal  supports, 
oval  in  cross-section.  Rear-heating  protects  the  reflectors  against  the  effects  of 
the  weather,  while  a  dielectric  window  in  the  conical  section  of  the  feed  prevents 
damp  from  penetrating.  The  reflectors  are  given  a  coating  of  lacquer  which  diffuses 
the  energy  it  reflects  so  that  they  do  not  become  warm  on  one  side  only. 

The  mechanical  design  of  these  antennae  varies.  The  Raisting  2  and  3  antennas,  for 
example,  are  so-called  king-post  systems,  whereas  the  Raisting  1  and  Burum  1 
(Netherlands)  models  are  wheel  and  track  stations. 

The  nearfield  Cassegrain  method  is  elso  being  used  for  the  German  Helios  telecommand 
station  now  under  construction.  The  station  beeing  built  under  the  management  of  the 
DFVLR  (Deutsche  Forschungs-  und  Versuchsanstalt  fill*  Luft-  und  Raumfehrt;.  The  Krupp 
company  is  responsible  for  the  mechanical  design  and  construction  of  the  antenna. 

Fig.  6  shows  a  section  through  the  wheel  and  track  antenna  which  weighs  400  tons  and 
employs  the  methods  for  improving  sidelobe  suppression  described  in  section  2.  A 
reflector  with  a  diameter  of  around  30  m  is  used  to  provide  the  prescribed  gain  of 
at  least  52  dB  in  the  2.11  to  2.12-GHz  frequency  range. 
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The  horn  reflector  feed  has  a  hon.  flare  angle  of  14°  and  a  2.3-m  aperture.  Its  total 
length  Is  9.5  m.  The  subreflector  diameter  is  4.5  m.  The  ratio  of  the  reflector's 
depth  to  its  diameter  is  approximately  0.266.  Reference  has  already  been  made  to  the 
special  subreflector  support  configuration  which  is  favourable  with  respect  to  side- 
lobe  suppression.  The  rms  value  of  the  main  reflector  of  <s  0.7  mm  is  very  low  for  an 
S-Band  antenna.  The  broadband  feed  and  the  high  quality  of  the  reflector  make  the 
system  extremely  flexible.  It  can  be  operated  at  frequencies  of  up  to  10  GHz  and  more 
by  exchanging  waveguide  components  at  the  feed  input. 

Fox-  the  time  being  only  computer-controlled  transmitting  operation  is  being  provided 
for  the  Helios  project  (maximum  power  20  kW),  but  an  expansion  with  receiving  and 
autotracking  equipment  is  possible.  A  universal  polarizer  operating  on  the  principle 
of  two  mutually  rotatable  "quarter-wave  plates"  is  connected  to  the  feed  to  allow  the 
polarization  to  be  set  as  circular  or  as  linear  as  required  during  the  tracking  of  the 
polarization  plane  (Faraday  effect).  The  system  will  commence  operation  after  its  com¬ 
pletion  in  the  Spring  of  1974  in  conjunction  with  the  DSN-system  of  the  NASA  /f6_7. 


4.  Electrical  characteristics  of  the  28.5-m  antenna  for  the  standard  ground  stations 

The  main  design  criterion  for  the  standard  ground  station  is  the  input  sensitivity 
which  is  defined  as  the  ratio  of  the  antenna  gain  to  the  system  noise  temperature. 

This  so-called  G/T  value,  referred  to  the  preamplifier  input,  is  fixed  by  ICSC  at 
=  40.7  dB/K  at  4  GHz  and  5°  elevation.  With  the  hitherto  customary  cooled  amplifiers 
(Tp  -  20  K)  an  antenna  gain  of  ^  59  dB  has  been  necessary,  a  figure  which  can  be 
attained  with  reflector  diameters  of  27  to  30  m. 


Typical  electrical  specifications  of  the  28.5-m  antenna: 


Gain  at  the  feed  input 
Antenna  efficiency  at  3.7  to  4.2  GHz 
Antenna  efficiency  at  5.925  to  6.425  GHz 
Antenna  noise  temperature  (4  GHz) 

5°  elevation 
90°  elevation 

half  power  beamwidth  4  GHz 
half  power  beamwidth  6  GHz 
Attenuation  of  the  3.7  to  4.2  GHz 
first  sidelobes  5.925  to  6.425  GHz 


60  dB  at  4  GHz  63.5  dB  at  6.2  GHz 
0.7  to  0.72 
0.65  to  0.68 

36  +  4  K 
8  to  10  K 
*  0.16° 

«  0.11° 

*  16  dB 
?  15  dB 


These  values  refer  to  circular  polarization. 

The  prescribed  G/T  value  is  met  throughout  the  entire  receiving  range  from  3.7  to 
4.2  GHz  and  is  considerably  above  specification  in  parts  of  it. 


The  first  standard  ground  stations  to  be  equipped  with  low-noise  uncooled  preamplifiers 
are  being  planned  at  present.  The  previous  system  temperatures  of  approximately  70  K 
(at  a  5°  angle  of  elevation)  will  then  rise  to  approximately  100  to  110  K.  The  antenna 
diameter  will  increase  to  about  32  to  33  m  for  the  same  input  sensitivity  as  before. 


The  antenna  radiation  patterns  measured  ir.  the  azimuth  range  demonstrate  the  favorable 
sidelobe  suppression  (Fig.  7).  The  isotropic  level  is  reached  at  an  angle  of  approxi¬ 
mately  10°  to  15°  against  the  main  direction  of  radiation.  The  attenuation  for  angles 
of  more  than  +  90°  is  greater  than  85  dB,  apart  from  a  few  peaks.  These  discrete  level 
increases  are~not  real  characteristics  of  the  radiation  pattern,  however,  nor  or  other 
peaks  in  the  range  from  about  the  isotropic  level  onwards,  but  represent  echoes  from 
the  surrounding  area.  During  the  radiation  pattern  measurement  towards  s  satellite 
transmitter  sending  CW  signals  at  very  low  angles  of  elevation  the  main  beam  scans 
hills,  the  terrain  and  other  objects  in  the  azimuth  direction  which  are  also  illumina¬ 
ted  by  the  test  transmitter,  and  picks  up  energy  which  they  scatter.  Use  of  a  pulse 
measuring  method  may  make  improvements  in  this  respect. 


The  antenna  always  autotracks  the  satellite.  The  angular  displacement  information  is 
derived  from  higher  waveguide  modes  which  are  excited  along  with  the  fundamental  mode 
in  the  horn  reflector  as  the  result  of  pointing  errors.  Since  the  tracking  modes  exist 
in  the  same  feed  as  the  communications  signal,  l.e.  use  the  same  aperture,  the  tracking 
is  very  sensitive.  For  the  circular  polarization  used  with  the  Intelsat  system,  for 
example,  the  Eg. -wave  which  is  additionally  excited  in  the  circular  cross-section  of 
the  horn,  when^combined  with  the  sum  signal,  can  obtain  all  the  tracking  information 
alone.  An  additional  wave  mode  such  as  the  H?1-  or  H0j-mode  is  required  in  the  case 
of  linear  polarization.  The  tracking  modes  are  decoupled  from  the  signal  path  via 


slits  or  pins.  After  suitable  conversion  they  provide  a  difference  signal  which  to 
gather  with  the  sum  signal  provides  the  automatic  control  system  signals  for  the 
antenna  drive  system.  The  tracking  accuracy  is  approximately  <£  0,01°. 
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5.  Future  applications  and  possible  improvements 

Measurements  carried  out  on  a  standard  28.5-m  antenna  in  the  range  from  3.7  to  15.5  GHz 
(Figs.  8  and  9)  have  shown  the  very  broadband  characteristic  of  the  nearfield  system 
with  an  horn  reflector  feed.  The  radiation  patterns  are  very  favorable  at  all  the 
frequencies  measured,  and  the  half  power  beamwidth  is  almost  a  linear  function  of  the 
frequency  (0.16°  at  4.0  GHz,  approximately  0.06°  at  13.0  GHz).  An  even  wider  frequency 
range  is  theoretically  possible.  Special  demands  on  the  broadband  operation  as  may  occur 
in  research  systems,  radio  surveillance  stations  or  future  communications  systems,  which 
operate  with  several  separate  frequency  ranges  simultaneously  (e.g.  4/6  GHz  and  12  GHz), 
can  then  be  met  quickly  without  altering  the  feed  or  the  antenna,  simply  by  replacing 
vaveguide  components. 

With  the  so-called  frequency-reuse  technique  the  transmission  capacity  is  doubled  by 
simultaneously  transmitting  and  receiving  orthogonal  signals  of  the  same  frequency 
(linearly  or  circularly  polarized).  Freedom  from  interference  depends  mainly  on  the 
cross-polarization  decoupling  attainable  on  the  entire  path,  to  which  the  ground 
antenna  contributes  significantly.  The  cross-polarization  behavior  of  the  nearfield 
antenna  with  asymmetrical  horn  reflector  feed  differs  from  that  of  the  centrally-fed 
antenna.  Since  the  line  of  symmetry  of  the  horn  reflector  segment  is  parallel  to  the 
axis  of  elevation,  the  cross-polarization  levels  of  the  radiation  patterns  measured 
in  the  azimuth  sections  with  linear  polarization  are  much  lower  than  those  of  the 
corresponding  radiation  patterns  in  the  elevation  planes,  because  theoretically  the 
cross-components  of  the  aperture  field  only  rise  with  respect  to  the  longitudinal 
horn  axis.  Fig.  10  takes  e.s  an  example  the  measured  values  of  a  28.5-m  antenna  to 
demonstrate  these  relationships  (horn  flare  angle  «*  18°). 

The  differences  between  the  cross-polarization  maxima  in  the  two  pattern  planes  are 
about  10  to  15  dB.  The  maxima,  referred  to  the  maximum  in  the  main  direction  of  radia¬ 
tion  in  the  azimuth  pattern ,  reach  values  of  -25  dB  and  fall  to  about  -  -30  dB  within 
a  practical  width  of  the  main  radiation  pattern  of,  say,  1  dB,  since  there  is  always 
a  well  defined  zero  point  of  the*  cross-polarization  in  the  main  direction  when  the 
antenna  is  accurately  adjusted. 

The  decoupling  obtainable  with  circular  polarization  is  additionally  influenced  by  the 
inherent  error  of  the  used  polarizers.  This  error,  defined  as  axial  ratio  of  the  resul¬ 
tant  elliptical  polarization,  corresponds  to  a  component  rotating  in  the  opposite  sense 
to  the  main  direction  of  rotation  which  degrades  the  main  channel  accordingly.  An  axial 
ratio  of  0.5  dB  theoretically  only  permits  a  maximum  decoupling  value  of  30  dB.  However, 
such  low  axial  ratios  cannot  be  realized  over  broad  frequency  ranges  (e.g.  Intelsat) 
with  the  polarizers  now  available. 

Reflections  in  the  antenna  system  which  cause  the  sense  of  rotation  of  the  circular 
wave  to  change  lead  to  additional  interference.  A  maximum  reflection  coefficient  of 
3  #  would  be  theoretically  permissible  for  a  decoupling  value  of  30  dB. 

Thus  it  would  appear  that  the  decoupling  should  not  fall  far  below  25  dB  on  a  broad¬ 
band  basis  with  circular  polarization. 

Other  points  to  be  taken  into  consideration  during  operation  are  that  the  antenna  used 
aboard  the  satellite  has  its  own  crosspolarization  component,  positional  errors  degrade 
the  decoupling,  and  most  important  of  all  atmospherics  have  a  considerable  influence. 

In  practice,  decoupling  values  of  less  than  20  dB  were  measured  with  Intelsat  antennas. 
Different  delay  times  and,  to  a  greater  extent,  scattering  due  to  rain  were  responsible 
for  these  values,  which  would  probably  be  too  low  for  operation  purposes. 

Future  improvements  will  mainly  be  directed  towards  the  broadband  symmetrization  of 
the  horn  reflector  characteristic  by  exciting  additional  wave-forming  modes  or  hybrid 
modes  in  the  feed.  Thus  large  antennas  should  not  only  reduce  cross-polarization  but 
also  improve  efficiency  by  about  3  #  or  4  %.  In  future  increasing  emphasis  will  be 
placed  on  sidelobe  suppression.  The  horn  reflector  offers  the  possibility  of  reducing 
the  spillover  at  the  subreflector  edge  by  slight  focussing  of  the  primary  ray  beam. 

For  this  purpose  the  paraboloid  segment  can  be  replaced  by  another  suitable  profile, 
such  as  an  ellipsoid.  Spillover  values  of  *  1  #  can  thus  be  obtained.  Moreover,  by 
suitably  shaping  the  feed  reflector  asymmetries  of  the  radiation  pattern  in  the  near¬ 
field  can  be  reduced. 


The  authors  are  indebted  to  R.Bredow,  G. Schindler  and  H.Thiere  whose  assistance  in  the 
work  has  been  most  valuable  for  the  preparation  of  this  paper.  We  also  would  like  to 
express  our  thanks  to  the  DFVLR  for  their  sponsoreship  of  the  work  on  a  low  sidelobe 
Cassegrain  antenna. 
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Fig.3  Cassegrain  reflector  system  for  a  toroidal  aperture  illumination 


Measured  Toroidal 
Aperture  Illumination 
of  a  Near-Field  Model 
Antenna 


Fig.4  Measured  toroidal  aperture  illumination  (model) 


28.5  m  NaarlMd  Cawtyaln  Antenna  (As latino  *) 


Fig  5  King-post  type  standard  ground  antenna  (Raisting  3) 


Fig. 6  Wheel  and  track  type  low  sidelobe  antenna  (Helios) 


POLARIZATION  RIGHT-HAND  CIRCULAR 


Fig.9(a)  Radiation  patterns  of  the  28. 5  m-antenna  at  higher  frequencies 
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Fig. 9(b)  Radiation  pattern  of  the  28.5  m-antenna  at  higher  frequencies 


Fig.  10  Maximum  cross  polarization  levels  of  the  28.5  m-antenna 


30-10 


DISCUSSION 


I .  PRATT :  In  the  Helios  antenna,  where  torus  illumination  was  used,  what  was  the 

reduction  of  gain  relative  to  the  conventional  near-uniform  illumination?  What  was  the 
improvement  in  O/T  obtained  by  the  torus  illumination, with  reduced  gain  and  reduced  far-out 

eidelobes? 

How  does  its  performance  compare  with  that  of  the  open  Cassegrain  antenna? 

U.  LEUFELT:  Theoretically  the  directivity  reduction,  when  taking  a  torus  illumination 

as  sKown*~In7Ig  2  instead  of  a  uniform  one, is  from  an  efficiency  of  99 .9)4  to  80.5)4,  that  is 
a  reduction  of  0.9  dB.  If  oompared  with  the  circularly  polarised  Raisting  III  antenna  the 
gain  reduotlon  measured  with  the  not  yet  fully  optimised  33  OHz  Helios  model  1b  about  1.3  dB 
which  is  an  average  value  for  horizontal  and  vertical  polarisations.  An  unknown  part  of 
this  reduction,  however,  is  thought  to  be  due  to  the  smaller  aperture  of  the  Helios  antenna 
when  measured  in  wavelengths.  With  vertical  polarisation  the  gain  lies  about  0.4  dB  or  a 
little  more  below  that  with  horizontal  polarisation  due  to  the  special  strut  configuration 
and  the  asymmetries  of  the  primary  field. 

A  special  comparison  with  the  open  Cassegrain  antenna  was  not  made.  Open  Cassegrain 
antennas  of  such  large  diameters  as  discussed  appear  to  be  too  expensive  because  of  their 
more  complicated  structure, and  they  present  difficult  static  and  dynamic  problems.  For 
cases  where  the  inner  eidelobes  are  of  minor  interest  compared  with  the  outer  ones,  as  was 
the  case  with  the  Hellos  antenna,  it  is  thought  that  an  open  Cassegrain  antenna  has  no 
better  gain  and  aldelobe  performance  then  has  e  rotatlonally  symmetrical  Cassegrain  antenna. 

O/T  has  not  been  measured.  For  the  time  being. the  Helios  antenna  is  only  used  for 
transmission. 


A.W.  RUDOK:  With  regard  to  the  cross-polarisation  results  presented;  in  which  planes 
were  these  obtained? 

Although  the  asymmetrical  design  of  the  feed  may  appear  to  produce  the  maximum  cross- 
polarisation  in  one  of  the  principle  planes,  have  the  authors  examined  the  diagonal  planes 
of  the  overall  antenna  radiation  pattern  in  order  to  ensure  that  the  levels  in  these  planeB 
are  not  greater  than  the  results  shown? 

U.  IflUPBia;  The  results  were  obtained  in  the  main  plane  of  the  pattern. 

Measurements  in  the  diagonal  planes  were  not  possible  for  technical  reasons.  The  cross- 
polarisation  of  the  horn  reflector  feed  shows  the  highest  possible  level  in  the  plane 
perpendioular  to  the  horn-cone  axis  (transverse  plane}.  This  is  due  to  the  asyrrmetrloal 
geometry  of  the  horn  reflector  and  is  different  from  that  of  a  straight  conical  horn. 

D.A-.  BATHKJCR:  In  one  view  eh  own,  re  faring  to  horizontal  polarisation,  the  vCrtioal 

struts  blocking  the  aperture  appeared  to  be  wide  while  the  horizontal  ones  were  narrow, 
possibly  being  of  dielectric  ropes.  My  question  is:  have  overall  system  gain  meusuements 
been  made  to  detect  the  gain  loss  difference  due  to  wide  compared  with  narrow  struts?  It  is 
my  opinion  that  struts  or  ropes  (if  metallic)  of  dimensions  anywhere  less  than  one 
wavelength  (even  if  infinitely  thin)  will  soatter  effectively  as  though  they  are  0.5  to 
1.0  wide,  given  parallel  polarisation.  For  this  reason  I  do  not  understand  why  thin  struts 
are  better  than  wide  ones  given  parallel  polarisation. 


U,  UURLT:  It  is  well  known  that  the  scattering  cross-section  of  conducting  cylinders 

(  e. g.  ropes)  depends  on  the  orientation  of  the  incident  field  vector  with  respect  to  the 
cylinder  axis  and  is  relatively  greater  with  pcrallel  than  with  orthogonal  polarisation.  If 
the  diameter  of  the  rope  beoomes  very  small  oompared  with  the  wavelength,  however,  the 
resulting  effective  interference  is  accordingly  rnuoh  smuller  th;  n  that  of  a  strut  of,  say, 
one  wavelength,  even  in  the  case  of  a  parallel  polarised  E-field  vector.  No  comparison 
gain  measurements  have  been  carried  out  on  the  model  antenna  with  respect  to  the  shadowing 
reduction  gained  by  using  thin  metallic  ropes  instead  of  struts.  The  choice  of  these 
horizontal  ropes,  however,  was  not  for  reasons  of  gain,  but  mainly  in  order  to  optimise 
the  sidelobe  behaviour  of  the  overall  f ntenne  pattern. 

°?  obscured  by  the  struts  produoee  an  interference  pattern 
with  high  directivity  and  rapidly  decreasing  eidelobes  in  the  main  plane  passing  through 
bu*  ylp*uaily  zpread  in  the  plane  perpendioular  to  this  first  plane. 

*truts  placed  horizontally  in  the  aperture  basically  influenoe  the  vertical 
radiation  pattern  whereas  vsrtioal  struts  affect  the  horizontal  pattern.  If  the  antenna 
has  a  certain  angle  of  elevation,  low  sidelobes  in  the-  horizontal  plane  of  the  radiation 
pattern  (as  specified  in  our  case)  can  be  realized  with  two  struts  arranged  perpendioular 
to  the  axis  of  elevation.  Experimental  farfleld  measurements  using  several  support 
configurations  have  clearly  confirmed  this  consideration. 
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DEVELOPMENT  OF  AN  5-BAND  DUAL  MODE  HORN  FOR  TELEMETRY 
RECEPTION  BY  THE  100  M  EFFELSBERG  RADIO  TELESCOPE 

by 

W.  Hess;  B.  Liesenkotter 
MBB,  Dynamics  Division 
Ottobrunn 
Germany 


SUMMARY 

A  Gregorian  antenna  system  with  100  m  paraboloid  is  -being 
equipped  with  a  dual  mode  horn  feed  in  the  secondary  focus. 
This  feed  is  intended  to  provide  a  favourable  figure  of  merit 
of  the  antenna  with  respect  to  gain  and  noise  temperature. 

The  specified  data  made  a  .horn  of  small  flare  angle  and  large 
length  necessary.  On  the  other  hand  the  limited  size  of  the 
apex  cabine  demanded  length  reduction  by  optimizing  the  horn 
feed  zone. 

In  addition  a  directional  coupler,  integrated  in  the  horn 
feed  zone,  was  developed  for  special  test  purposes  during 
operation  later.  All  measurements  during  the  development 
period  as  well  as  the  quali.fication  tests  have  been  carried 
out  on  an  X-band  scaled  model.  The  design  of  the  original 
horn  feed  aimed  in  particular  at  cheapness,  a  short  manu¬ 
facturing  period  and  a  low  weight.  Thus  a  frame  construction 
with  non  supporting  inner  horn  structure  was  applied. 

Gain,  spillover  and  noise  temperature  of  the  antenna  system 
were  calculated  using  a  computer  programme.  The  calculation 
was  carried  out  by  the  Department  of  Electronic  and  Electrical 
Engineering,  University  of  Birmingham. 


1.  INTRODUCTION 

This  dual  mode  horn  was  designed  to  operate  in  the  secondary  focus  of  a  Gregorian 
system  with  100  m  paraboloid  and  elliptical  subreflector.  The  antennasystem  was 
equipped  to  effect  the  telemetry  link  with  the  Helios  Solar  probe  to  be  1 aunched 
in  1974. 

The  specified  horn  data  were: 

-  frequency  range  2. 290. .. 2. 300  GHz 

-  overall  antenna  gain  G5  dB 

-  as  low  noise  temperature  as  possible  (zenith) 

-  polarization-independent,  rotationally  symmetric  main  beam 

-  rather  small  horn  sizes  (due  to  the  limited  dimensions  of  the  apex  cabin)  with 
respect  to  the  electrical  requirements 

For  special  test  purposes  during  operation  later  a  directional  coupler  at  the  horn 
input  had  additionally  to  be  developed. 

2.  DEVELOPMENT  PERIOD 

2.1  Selection  of  the  principle 

Preliminary  exper imerital  stuaies  have  been  carried  out  on  two  Ku-band  scaled  horn 
models  with  equal  geometric  dimensions.  One  model  was  designed  as  a  corrugated  surface 
horn  operating  with  the  hybrid  mode  HE-j-j,  The  second  model  was  a  dual  "ode  horn  using 
both,  the  TE-j.j-  and  the  TM-j-j  modes.  Both  principles  were  compared  with  regard  to  beam 
equalization,  sidelobe  suppression,  transmission  loss  and  bandwidth  property. 

On  account  of  the  specified  narrow-band  characteristic  and  especially  due  to  the 
relative  simple  structure  the  dual  mode  principle  was  selected  for  tlv  feed  horn.  Thus, 
low  price,  a  short  manufacturing  period  as  well  as  low  weight  could  !f  realized, 

2.2  Theoretical  background  and  horn  design 

The  dual  mode  technique  utilizes  a  conical  horn,  excited  in  the  throat  region  at.  both 
the  dominant  TE-n-mode  and  the  higher  order  TM-j-j-mode  (Potter,  P.D.,  19G3).  These  two 
modes  are  then  superposed  with  the  appropriate  relative  amplitude  an'!  phase  to  effect 
a  field  distribution  as  shown  in  Fig.  1, 

Jt  can  be  seen  that  almost  perfect  circular  symmetry  of  the  electri  field  component 
is  achieved  and  that  the  field  at  the  edge  of  tin-  horn  .aperture  Is  'early  cancelled. 
This  effect  provides  the  following  desirable  features:  sidelobe  suppression,  bean- 
width  equalization  in  the  E-  and  H-pla.oe  as  well  as  phase  center  c<  incidence. 
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2.2.1  Mode  generation  by  means  of  a  step  discontinuity 

The  TM^  mode  excitation  occurs  by  means  of  a  step  discontinuity  which  can  be  calculated 
from  the  assumption  that  for  a  rotationally  symmetric  field  distribution  in  the  aperture 
(see  Fig.  1)  a  mode  conversion  coefficient  of  c  =  0.144  is  necessary  (Reitzig,  R.,  1968). 
This  means  that  the  radiated  power  in  the  aperture  must  be  divided  into  87  %  for  the  TE-j^ 
wave  and  13  %  for  the  TM--  wave.  The  diameter  ratio  at  the  discontinuity  controls  the 
conversion  coefficient.  In  order  to  obtain  the  desired  conversion  the  diameter  ratio  of 
the  step  discontinuity  (see  Fig.  2)  should  be  theoretically  Dj/D^  =  0.76. 

This  value  had  to  be  corrected  to  =  0.82  due  to  the  dependence  on  the  actual  dia¬ 

meter  and  further  mode  conversion  through  the  horn,  as  found  later  during  experiments 
with  an  X-band  scaled  laboratory  model.  The  actual  diameters  and  D2  were  chosen  so 
that  only  the  TE^^  mode  can  propagate  in  D,  and  TEn,  TMq-i,  TE21,  TE01  and  TM.^  in  the 
oversized  waveguide  ( D-j ) .  TMq.,,  TE21  and  TEq^  however  are  not  excited  here  because  of  the 
rotationally  symmetric  step.  To  realize  that  step  discontinuity  on  the  one  hand  and  to 
connect  the  horn  to  a  standard  circular  waveguide  on  the  other  hand  it  was  necessary  to 
form  a  proper  transition  zone  with  diameter  Dg.  Matching  could  be  carried  out  by  cutting 
this  transition  to  a  quarter  guide  wave  length  and  turning  an  additional  inductance  right 
next  to  the  horn-waveguide  connexion.  The  result  was  a  polarization-independent  VSWR  of 
better  than  s  =  1.09  in  the  spezified  frequency  range. 

Compared  with  the  horn  described  by  Potter  (Potter,  P.D.,  1963)  several  sections  of  the 
horn  feed  zone  could  be  eliminated.  The  "mode  suppressor"  was  shortened  to  a  quarter 
waveguide  length  and  additionally  redesigned  as  matching-  and  transition  zone.  The 
"tapered  transition"  could  completely  be  omitted  (see  Fig. 2, 3).  Thus  considerable  length 
reduction  was  possible  which  had  a  positive  effect  on  the  horn  flare  angle  and  gain 
respectively,  because  of  the  limited  overall  horn  length. 

2.2.2  Phasing  conditions  in  the  horn 


Another  step  of  the  horn  design  procedure  is  to  determine  the  relative  phase  shift  of 
TEH  and  TM^^  over  the  distance  between  TM^-j  excitation  and  the  horn  aperture.  It  is 
known  that  both  modes  must  have  their  central  fields  in  phase  in  the  aperture  to  effect 
the  dual  mode  characteristics: 


^  A.<fi  =  2  nT 


n  =  0,  1 ,  2. . . 


(1) 


Some  small  phase  shifting  effects  in  the  transition  between  phasing  section  and  cone  as 
well  as  in  the  aperture  will  bo  neglected  during  the  following  calculation. 

There  are  three  phasing  components  which  effect  the  overall  phase  shift  between  the 
two  modes  TE-j^  and  TM-n 

M  "  Mcone  +  ^step  +%h.  section  (2> 


The  phase  shift  between  TE-j-j  and  TM-j^  in 
lengths  may  be  calculated  by  integrating 


cone 


the  cone  due  to 
the  cylindrical 

dz 


the  different  critical 
waveguide  formula 


(3) 


wave- 


z  is  the  direction  of  wave  propagation;  z^  and  z^  are  the  cone  edges;  13  ( z )  =  phase 
constant. 


Carrying  out  the  integration  gives  ^fcone  B  ?»6?  'It 


As  to  the  second  term,  it  is  not  possible  to  determine  the  phase  shift  4i/Sj-pg  at  the 
point  of  TM-.  mode  generation  with  low  mathematical  expense  (Reitzig,  R.  19C8).  We 
calculated  Alfc.one  and  A/ph.  section  of  several  other  dual  mode  horns  according  to  the 
formulae  of  Eq  (3)  and  Eq  (4).  Applying  the  results  in  Eq  12)  the  phase  shift  of  the 
step  was  found  to  be  approximate  ly  A/  step  '  TT  /2. 

In  order  to  get  £  •  2.  rrf ( i n  our  special  application  4T  )  it  is  necessary  to  adjust  the 

phasing  section  to  <akq'  ph. section  1  0.B8K.  From  that  value  the  length  1  of  the  phasing 
section  can  be  cal  cur ^ 1  ad  by  the  expression 

1  («TE  -  nTM)  -  ph<  section  (4) 

2,3  Measurement  on  a  scaled  model 

by  the  aid  of  the  above  results  it  was  possible  to  manufacture  a  scaled  model  operating 
in  the  X-band  (see  Fig.  4). 

The  dimensions  were  chosen  in  a  way  that  both  the  geometric  limits  and  the  necessary 
relativ  small  flare  angle  were  met.  Thus  Maximum  aperture  efficiency  was  obtained. 
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2.3.1  Tests  in  the  MBB  ariechoic  chamber 

The  radiation  pattern  of  the  feed  horn  showed  good  conformity  in  the  principal  planes. 
Within  the  solid  angle  subtended  by  the  subreflector,  maximum  deviation  between  the  E- 
and  H-plane  of  0.3°  was  measured.  Turning  the  horn  feed  around  the  axis  through  the  phase 
center,  an  edge  taper  of  about  10  dB  was  obtained. 

No  side  lobes  occured  within  the  dynamic  range  of  40  dB  (see  Pig.  5). 

Gain  measurement  was  carried  out  by  the  substitution  method  using  a  standard  gain  horn. 

A  gain  of  approximately  27.5  dB  was  obtained. 

Special  attention  was  paid  to  the  determination  of  the  phase  center.  It  is  important  to 
know  its  position  exactly,  for  the  horn  feed  phase  center  and  the  secondary  focus  of  the 
Gregorian  system  shall  be  coincident.  Because  of  the  relative  large  horn  aperture  -  the 
diameter  is  larger  than  11  wavelengths  -  it  was  expected  that  the  phase  center  would  lie 
rather  far  behind  the  aperture. 

The  calculation  for  the  location  of  the  phase  center  can  be  carried  out  using  the 
approximation  formula  (according  to  Bauer,  K. ,  1955)for  large  apertures 


where  d  =  distance  between  phase  center  and  aperture 
a  =  aperture  diameter 
1  =  length  of  the  cone 

The  calculated  value  was  d/  =  20.8 

With  the  aid  of  phase  pattern  measurement  the  phase  center  could  be  determinded 
experimentally  (see  Fig.  6).  Turning  the  horn  model  around  a  point  located  22  wave¬ 
lengths  behind  the  aperture  a  minimum  phase  deviation  in  the  principal  planes  as  well 
as  the  45°-plane  within  the  subtended  angle  of  14.7°  was  measured.  It  can  be  seen  that 
mathematical  determination  and  experimental  work  showed  good  conformance. 

2.3.2  Further  measurements 

The  noise  temperature  of  the  antenna  system  will  be  influenced  by  all  ohmic  losses  of 
the  circular  wave  guide  system.  Therefore  the  determination  of  the  transmission  loss 
should  be  carried  out  extremely  carefully,  and  thus  the  Roberts-von  Hippel  method  was 
used.  The  aperture  was  short-circuited  and  the  rather  high  VSWR  was  measured  with  a 
slotted  line  and  a  receiver  of  better  than  -90  dBm  sensitivity.  Thus  VSWR  of  more  than 
100  could  be  determinded.  The  measured  value  of  s  =  48  indicated  a  transmission  loss  of 
2  ot  =  0.175  dB.  Taking  the  scaling  rules  into  consideration  a  transmission  loss  of 
oc  =  0,05  dB  for  the  original  horn  feed  was  found. 

3.  CALCULATION  OF  CAIN  AND  SPILLOVER 

The  overall  antenna  characteristic  was  determined  using  a  computer  programme  of  the 
University  of  Birmingham,  U.K..  Primary  feed  patterns,  measured  in  tne  actual  distance  of 
the  horn  aperture  to  the  subreflector  are  used  as  input  data.  They  represent  the  incident 
field  at  the  cubrof lector.  From  that,  both,  the  far-field  pattern  of  the  subreflector  and 
the  near-field  pattern  at  the  main  reflector  surface  have  been  calculated.  With  the  far- 
field  pattern  the  spillover  and  noise  figure  can  be  calculated,  and  with  the  near-field 
pattern  an  exact  computation  of  the  antenna's  overall  gain  is  possible.  The  computed 
on-axis  gain  of  the  antenna  system  was  65.64  dB  and  had  to  be  reduced  by  losses  due  to 
strut  blocking  and  surface  errors. 

The  spil lover  is  qiven  bv  the  addition  of  the  spillo'-er  from  the  primary  feed  past  the 
subref lector  and  the  spillover  f ron-  the  subreflector  past  the  main  reflector. 


Finally  the  antenna  noise  temperature  was  calculated  using  the  spillover  figure  and  well- 
known  calculation  methods. 

4.  DIRECTIONAL  COUPLER 

During  later  operation  it  is  necessary  to  control  the  antenna  polarization.  The  control 
signal  come::  from.  a  directional  coupler  which  couples  the-  information  into  the  primary 
feed.  On  account  of  further  length  reduction  the  directional  couple-r  was  integrated  into 
the  horn  feed  zone  (see-  Fig.  2). 

We  tried  to  couple*  the  energy  with  small  probes  directly  out  of  the  phasing  section. 

The  Influence  of  the  probes  of  the  radiation  properties  and  matching  characteristics 
of  the  horn  proved  to  be  negligible  on  account  of  the  high  coupling  attenuation  of  60  dB, 
The  problem,  war;  to  find  the  correct  distance  of  the  probes  to  get  a  signal  90°  out  of 
phase-  Iron  the  two  wav*-::  propagating  in  the  phasing  section  with  different  guide  wave¬ 
lengths.  The  proper  distance  was  empirically  found  to  be  8.1  mm,  a  value  between  the 
TE-j-j-  and  TF-j -j  guide  wavelength. 

The  directional  characteristic:  arc-  then  achieved  by  coupling  the  two  signals  into  a 
rectangular  waveguide  with  the  appropriate  dimensions  in  rc-lation  to  the  guide  wavelength 
which  must  be  four  timer.  th<-  probe  distance. 

Two  transitions  to  coaxial  terminals  accomplish  the  directional  coupler  which  has  an 
overall  length  of  about  lA0, 
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5.  CONSTRUCTION  OF  THE  FINAL  (FULL  SCALE)  HORN  VERSION 

The  design  of  the  final  horn  feed  aimed  in  particular  at  cheapness,  a  short  manufacturing 
period  and  a  low  weight.  The  dimensions  of  the  horn  are  1.5  m  of  diameter  and  4.1  m  of 
length.  The  conventional  method  of  manufacturing  a  conical  horn  is  to  turn  it  from  metal 
pieces;  in  our  special  case  we  had  to  use  hammer  forged  aluminium-rings.  Due  to  the 
limited  lengths  of  those  pieces  and  the  necessary  horn  length  of  4.1  m  this  method  seemed 
not  to  be  applicable  because  of  the  necessary  high  number  of  horn  segments  and  fabrication 
expenditure. 

In  order  to  get  a  short  manufacturing  period  it  was  decided  to  manufacture  the  horn 
according  to  the  helling  technique.  The  horn  had  to  be  divided  into  six  segments  in  order 
to  get  it  inside  the  apex  cabin.  Here  the  final  assembling  will  be  carried  out. 

The  feeder  is  designed  as  an  aluminium  frame  work.  It  consists  of  six  segments;  two  of 
them  are  shown  in  Fig.  7.  Every  segment  consists  of  two  flanges  which  are  connected  by 
thin  walled  tubes  of  aluminium.  This  structure  is  the  supporting  part  of  the  horn.  The 
electrical  part  of  the  horn,  the  cone,  is  formed  of  1  mm  thick  sheet  aluminium,  the  sur¬ 
face  of  which  was  sheltered  against  damage  until  assembling  it  in  the  segments.  Thus, 
extremely  high  surface  quality  was  achieved.  The  roundness  in  the  aperture  is  better 
than  1 

Special  attention  was  paid  to  the  connection  between  the  segments.  The  junctions  of  about 
1/10  mm  are  joint  by  use  of  a  special  conducting  glue.  In  addition  the  horn  is  covered 
by  a  supporting  sheath  for  further  stiffness  and  protection  against  mechanical  hazards. 
The  first  and  second  horn  segments  are  turned  of  brass  because  of  the  relative  small 
conediameter.  The  next  segment  is  manufactured  as  described  above  and  is  shown  in  Fig.  8. 
Here  the  mounting  flange  can  be  seen.  This  flange  provides  fitting  the  horn  feed  in  the 
apex  cabin. 
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Fig.2  Horn  feed  zone 


Fig,3  First  horn  segment 


Fig.7  Aluminium  frame  work  of  two  horn  segments 


Fig. 8  Horn  segment  with  mounting  flange 
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DISCUSSION 


R.  KdITZIO:  In  a  Gregorian  multiple  reflector  system  the  cross-polar  component  is 
increased-'  flould  you  comment  on  the  magnitude  of  the  cross-polarisation? 

W.HESS;  The  magnitude  of  the  cross-polarisation  was  not  specified  because  the 
antenna  vas  only  required  for  a  point-to-  point  system- Because  of  eymmetry  about  the  axis 
no  cross-polarisation  would  be  expected  in  the  main  direction  of  radiation. 
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SUMMARY 


Typical  precision  approach  radar  (PAR)  antennas  for  Ground  Control  Approach  (GCA)  systems  provide 
rapid  electronic  scanning  over  small  scan  sectors  ranging  between  +4°  and  +10°  In  either  plane  of  scan. 
These  "limited  scan"  antennas  are  often  required  to  have  relatively  high  gain  (40  to  50dB)  and  to  conform 
to  rigid  sldelobe  specifications  (Ideally  -30dB)  In  order  to  minimize  Interference  problems. 

Conventional  phased  array  technology  would  require  an  excessively  targe  number  of  elements  to  perform 
this  function  because  It  takes  no  advantage  of  the  very  restricted  scan  coverage.  Instead,  a  growing 
class  of  specialized  antennas  Is  being  developed  with  reduced  numbers  of  phase  shifters  and  other 
cost-saving  advantages  made  possible  by  the  limited  scan  coverage. 

This  paper  surveys  the  current  state-of-the-art  among  array  and  array/reflector  antennas  for  limited 
scan  coverage,  and  Introduces  some  new  array  techniques  developed  at  AFCRL  for  this  application.  Other 
system  parameters,  such  as  frequency  selection,  will  be  dtscussed  In  light  of  their  Influence  on  antenna 
design  requirements  out  the  principle  task  addressed  by  the  paper  Is  to  use  the  parameters  of  present  PAR 

antenna  systems  to  estimate  the  potential  advantages  of  new  technology. 

Examples  cited  as  new  technology  Include  the  use  of  arrays  to  feed  dual  reflectors  or  lenses  for 
Improved  aperture  efficiency  and  reduced  array  size,  and  the  AFCRL  array  techniques  using  large  multi- 
mode  apertures  for  grating  lobe  suppression  and  pattern  control.  Comparisons  of  these  types  of 
technology  will  be  given  for  selected  applications. 

1.  INTRODUCTION 

Airport  precision  approach  radar  (PAR)  antennas  are  highly  directive  pencil  beam  antennas  requiring 
rapid  electronic  scan  over  small  scan  sectors  or  cones.  Typical  scan  cones  have  half  angles  between  4° 
and  10  ,  and  the  antenna  beamwldths  are  on  the  order  of  one  half  to  one  degree  In  either  plane.  Sldelobe 

specifications  are  stringent,  with  -30d8  often  set  as  a  requirement  for  all  beyond  the  first  sldelobe, 

and  -24  or  -25dB  first  sldelobes.  Frequency  allotments  for  GCA  systems  usually  place  the  PAR  antenna  at 

X-hand,  although  S-band  frequency  allotments  might  offer  better  performance  In  rain.  Any  requirement  for 

rapid  scanning  has  traditionally  been  met  by  phased  arrays  with  electronic  beam  steering,  but  the 

difficulty  with  PAR  antennas  Is  that  they  are  so  large  that  the  phased  arrays  become  too  complex  and 
costly  to  provide  a  viable  solution.  For  1°  beamwldths,  the  aperture  must  be  on  the  order  of  60 
wavelengths  In  diameter.  TypicalQarray  apertures  are  spaced  at  most  0.9\  apart,  and  thus  require  at  least 
3500  phase  shifters,  while  a  0.50  beam  would  require  at  least  14,000  phase  shifters.  At  present  day 
phase  shifter  prices  these  costs  alone  are  excessive  without  further  cons (deration  of  the  power  divider 
and  circuit  element  costs.  The  costs  are  excessive  because  conventional  array  technology  does  not  take 
advantage  of  the  limited  scan  requirement,  and  is  prohibited  from  doing  so  by  the  fact  that  regular 
periodic  arrays  have  grating  lobes  for  element  spa-sings  In  excess  of  a  wavelength.  To  fill  this  gap  a 
growing  class  of  specialized  antennas  Is  being  developed  with  reduced  numbers  of  phase  shifters  and  other 
cost  saving  advantages  made  possible  by  the  limited  scan  coverage.  Chief  among  these  are  the  reflector 
and  lens  type  antennas,  which  take  advantage  of  the  magnification  of  such  optical  systems  to  Illuminate 
large  apertures  with  relatively  small  arrays.  The  special  purpose  array  techniques  discussed  In  this 
paper  are  designed  especially  to  take  advantage  of  the  limited  scan  coverage  by  using  large  array  elements 
and  thus  fewer  phase  shlfte-s  and  accompanying  reduced  power  divider  requirements.  This  Is  accomplished 
In  one  case  by  using  an  aperiodic  grid  arrangement  to  prevent  the  formation  of  large  grating  lobes,  and 
In  another  case  by  using  multimode  apertures  to  taylor  array  element  patterns  for  grating  lobe  suppression. 

This  paper  discusses  a  number  of  antenna  techniques  for  satisfying  the  limited  scan  function. 

System  requirements  and  special  radar  techniques  ha/e  been  excluded  In  order  to  concentrate  on  a  practical 
comparison  of  the  antenna  techniques.  Several  or  the  antennas  described  are  still  In  the  development 
stage,  and  so  It  Is  difficult  to  assess  their  final  Impact  on  PAR  antenna  system  selections,  in  describing 
these  cases,  an  attempt  has  been  made  to  outline  areas  of  possible  difficulties  as  well  as  the  projected 
capabilities  of  the  systems.  Indeed,  It  should  be  emphasized  that  any  comparison,  however  well  (mentioned, 
between  a  fully  developed  antenna  and  a  new  or  proposed,  but  undemonstrated,  tect,nlque  Is  a  little  like 
comparing  ones  aspirations  with  ones  accomplishments;  it  Is  difficult  to  be  objective  In  such  cases. 

The  coverage  devoted  to  each  technique  discussed  In  the  paper  Is  Intentionally  uneven;  new  methods 
have  been  described  In  detail,  while  equally  Important  systems  are  very  briefly  discussed  If  they  are 
treated  elsewhere.  In  addition,  no  attempt  has  been  made  to  detail  the  history  of  limited  scan  antenna 
development  from  Its  early  roots  In  mechanically  displaced  feeds  for  reflector  and  lens  antennas.  In 
this  regard,  In  addition  to  the  original  research  publications  describing  specific  systems,  there  are 
several  excellent  survey  references  describing  techniques  pertinent  to  the  limited  scan  apollcatlon. 

( PATTON,  W.T.,  1972  and  TANG,  R.,  1972) 
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2.  PERTINENT  CHARACTERISTICS  FOR  COMPARING  PAR  ANTENNAS 

The  gain,  beamwidth,  scanning  and  sldelobe  characteristics  mentioned  In  the  Introduction  are  the 
fundamental  electromagnetic  properties  that  the  PAR  antenna  must  provide.  In  addition  to  these  there 
are  many  physical  characteristics  that,  In  the  case  of  the  large  PAR  structure,  become  equally  Important. 
Figure  1  shows  a  generalized  limited  scan  antenna  structure  and  serves  to  define  some  of  the  parameters 
referred  to  throughout  the  paper.  The  total  length  of  the  antenna  (normalized  to  wavelength)  Is  called 
f,  and  Is  a  generalized  focal  length.  The  array  (or  primary)  aperture  diameter  Is  d  (wavelengths)  and 
the  final,  or  secondary  aperture  diameter  Is  0  (wavelengths).  Throughout  this  paper  all  apertures  are 
considered  circular.  One  parameter  of  very  great  Importance  Is  the  ratio  f/D,  which  should  be  as  short 
as  possible  for  mechanical  reasons,  but  which  engineers  often  Increase  for  electrical  reasons.  Another 
parameter  of  key  Importance  Is  the  optical  magnification  of  the  system  D/d,  which  should  be  as  large  as 
possible  to  allow  a  very  small  array  to  feed  a  large  final  aperture.  Neither  of  these  factors  describe 
the  scanning  capability  of  the  system,  but  a  common  measure  of  this  parameter  Is  the  number  of  half  power 
beamwldths  (NB)  that  the  system  scans.  This  beamwidth  related  parameter  Is  meaningful  for  optical  type 
systems,  but  breaks  down  as  a  description  for  array  systems,  and  so  a  related  parameter  Introduced  by 
Patton  (PATTON,  W.T.,  1972)  and  called  the  "element  use  factor"  will  be  used  throughout  this  paper  for 

comparison  purposes.  This  factor  Is  N/N  ,  where  N  Is  the  actual  number  of  phase  shifters  In  the  control 

m  i  n 

array,  and  Nmjn  Is  a  reasonable  mlnlmun  number  of  control  elements  as  defined  by 


where  Omax  Is  the  maximun  scan  angle  and  8HP  Is  the  half  power  half  beamwidth  of  the  structure.  This 
Nmln  *s  therefore  defined  for  a  pencil  beam  system  as  approximately  the  square  of  the  number  of  half 

power  half  beamwldths  scanned,  or  N  ,  -  kN.a .  It's  Interpretation  as  an  absolute  minimum  number  of 

min  d 

elements  Is  open  to  question,  but  even  In  the  case  of  the  unlformally  Illuminated  circular  array  of  Ideal 
but  physically  unrealizable  array  elements,  the  absolute  minimum  number  Is  approximately  80%  of  the  Nm|n> 

and  so  It  seems  likely  that  this  definition  Is  a  nearly  optlmun  one  for  comparing  various  array  and 
reflection  or  lens  designs.  A  conventional  phased  array  with  a  moderate  taper  and  roughly  circular 
aperture  has  an  element  use  factor  given  by  0.23(W  sln8max)a  for  Interelement  spacing  W(normallzed  to 
wavelength).  This  corresponds  to  factors  9.3  and  37  for  10°  and  5°  scan  respectively  when  W  ■  0.9.  Other 
techniques  discussed  in  this  paper  have  much  smaller  and  relatively  constant  element  use  factors,  and 
these  numbers  provide  a  direct  comparison  of  the  number  of  control  circuits  required  by  each  system. 

Another  Important  factor  for  many  applications  Is  the  aperture  efficiency  of  the  main  limited  scan 
aperture.  This  Is  so  because  many  of  the  reflector  or  lens  geometries  require  oversize  reflectors 
because  the  feed  structure  Illuminates  only  a  spot  on  the  main  aperture,  and  that  spot  moves  with  scan 
angle.  Aperture  efficiencies  for  such  structures  can  be  of  the  order  of  25%  Instead  of  the  usual  55  to 
60%  for  nonscanning  reflectors,  thus  requiring  double  the  aperture  of  these  more  efficient  structures. 

Finally,  another  electrical  parameter  Is  of  Importance,  not  because  It  affects  performance,  but 
because  It  deals  with  the  complexity  of  the  beam  steering  system  for  the  array.  This  parameter  Is  the 
type  of  steering  or  Information  necessary  to  steer  the  beam.  The  simplest  type  of  steering  Is  row  and 
column  steering  with  progressive  phases  In  both  planes.  Certain  antennas  however  require  complex 
steering  functions  to  be  generated  for  off  axis  scan,  and  these  result  In  slower  beam  steering  or  excessive 
computer  scan  data  storage  or  both. 

Each  of  the  systems  described  In  this  paper  will  be  compared  on  the  basis  of  these  parameters  as 
well  as  on  their  electrical  performance. 


3.  REFLECTOR  AND  LENS  TECHNIQUES  FOR  LIMITED  SCAN 

The  narrow  beam,  high  gain  requirements  of  PAR  antennas,  coupled  with  the  need  for  scan  over  only  a 
small  angular  sector  lead  quite  naturally  to  the  Investigation  of  optical  techniques,  as  embodied  In  lens 
and  reflector  geometries,  for  beam  scanning.  Indeed,  nearly  all  limited  scan  antennas  designed  to  date 
have  been  of  optical  design,  and  It  seems  likely  that  this  will  continue  to  be  so  for  some  time  In  the 
future.  The  following  paragraphs  describe  some  of  the  relevant  studies  of  electronically  scanned  antenna 
systems  for  this  application. 

Winter  (WINTER,  C.,  1968)  describes  an  array  feed  for  a  parabola  as  shown  In  Figure  2.  This  technique 
achieved  7  beamwldths  of  scan  with  E-plane  sldelobes  approximately  -15dB  relative  to  the  main  beam  In  the 
E*plane,  and  approximately  -10dB  In  the  H-plane.  The  phase  shifts  required  for  achieving  these  scanned 
conditions  were  computed  from  geometrical  optics.  These  were  not  progressive  In  either  plane  of  scan  and 
so  row  and  column  steering  could  not  be  used.  The  array  consisted  of  980  elements  and  so  has  an  element 
use  factor  of  approximately  5.  The  main  reflector  efficiency  is  low  because  the  Illuminated  spot  Is 
allowed  to  move  about  on  the  main  reflector  to  achieve  scanning.  This  study  Is  of  great  Importance 
because  of  Its  timelines  and  because  It  showed  that  reflectors  could  be  scanned  by  a  phased  array  without 
the  accompanying  coma  lobes  observed  for  offset  feeds. 


This  preliminary  work  and  other  studies  In  limited  scan  reflector  techniques  has  led  to  the 
development  of  structures  with  less  aperture  blockage  and  lower  sldelobes.  Notable  among  these  Is  the  PAR 
antenna  of  the  TPN-19  GCA  system.  This  antenna,  shown  In  Figure  3,  uses  a  hyperbolic  main  reflector  and 
an  offset  phased  array  feed  and  uses  a  modified  row  agd  column  steering  technique  w^th  a  convenient 
algorithm  for  off  axis  scanning.  The  antenna  has  1  ,k°  azimuthal  beamwidth  and  0.75  elevation  beamwidth, 
and  scans  +  1 0  beamwldths  In  elevation  and  +7.15  beamwldths  In  the  azimuth  plane.  The  array  uses  82k 
phase  shifters,  and  so  has  an  element  use  factor  of  approximately  2,9.  The  first  sldelobes  are  at  the 
-22  to  -2kd0  level  In  each  plane,  and  further  sldelobes  are  between  -2k  and  -28dB  with  respect  to  the 
main  beam.  The  system  operates  at  X-band,  over  a  2/  bandwidth  and  has  a  realized  gain  of  k 2 1 d B  on 
boreslght  and  approximately  39dB  at  the  scan  limits.  This  realized  gain  Is  about  3.5dB  below  the 
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directive  gain  on  boreslght  due  to  horn  feed  spillover,  array  face  matching,  and  phase  shifter 
losses.  The  main  reflector  size  Is  about  9  ft  by  11^  ft,  corresponding  to  an  aperture  efficiency  of 
approximately  30%  at  boreslght.  This  low  efficiency  Is  due  to  the  basic  design  concept  of  the  system, 
for  different  parts  of  the  main  reflector  are  Illuminated  differently  for  various  scan  angles,  and  so  an 
Illuminated  spot  moves  with  scan. 

Recent  technological  efforts  have  been  concerned  with  developing  systems  for  scanning  over  wider 
angles  with  pencil  beams,  and  for  providing  these  scanning  capabilities  with  relatively  small  high 
efficiency  primary  apertures.  Two  recent  studies  (FITZGERALD.  W.D.,  1971a  and  1971b)  at  Lincoln 

Laboratory  have  dealt  with  the  quest  for  larger  scan  multiples  (NB).  One  of  these  concerns  a  near  field 

cassegraln  antenna  with  main  reflector  and  subreflector  as  confocal  parabolas.  The  antenna,  shown  In 
Figure  4,  Is  compact  and  has  a  generalized  f/D  of  approximately  0.4,  but  the  array  size  required  was 
relatively  large,  with  typical  d/D  ratios  considered  between  0.25  for  a  400X  main  reflector,  and  0.35  for 
a  250X  main  reflector.  These  computations  show  maximum  NB  of  up  to  17  with  element  use  factors  between 
6  and  7-  These  relatively  large  element  use  factors  are  due  to  the  fact  that  the  array  Is  only  required 
to  scan  over  a  narrow  range  of  angles,  and  so  Itself  Is  a  limited  scan  array.  For  this  reason,  element 
spaclngs  greater  than  the  0.9X  assumed  here  can  be  used  with  proper  precautions  to  maintain  element 
efficiency  (FITZGERALD,  W.D.,  1971a  and  TSANDOULAS,  G.N.,  and  FITZGERALD,  W.D.,  1972).  The  use  of  these 
oversized  elements  would  reduce  the  element  use  factors  for  this  approach  to  somewhere  between  3  and  4. 

This  array  scheme  also  has  the  advantage  of  using  linear  phase  control  and  since  Its  generalized  f/D 

ratio  Is  short,  can  be  mounted  and  moved  conveniently.  It  has  relatively  high  sldelobes,  on  the  order  of 

-13d6  due  to  the  Inherent  aperture  blockage  of  the  system. 

The  second  approach  Investigated  at  Lincoln  Laboratory  was  directed  at  this  high  sidelobe  problem, 
and  dealt  with  the  offset  -  feed  gregorlan  geometry  shown  In  Figure  5*  This  technique,  first  proposed  by 
Dudkovsky  (DUDKOVSKY,  E.A.,  1962)  has  Improved  sldelobes  due  to  decreased  aperture  blockage.  The  report 
describes  a  system  with  beamwtdth,  scanning  14  beamwldths  and  with  a  relatively  small  array  45X  on  a 
side.  The  element  use  factor  Is  about  2.5  for  this  geometry,  and  this  Is  mainly  because  the  array  Is 
made  to  scan  on  the  order  of  +20°.  Sidelobe  levels  for  this  antenna  are  on  the  order  of  -15  to  — 1 7dB  for 
all  scan  angles.  The  structure  has  a  generalized  f/D  of  approximately  1.5,  and  so  Is  awkward  for 
pedestal  mounting.  The  antenna  has  good  aperture  efficiency  for  all  beam  scan  positions.  The  beam 
scanning  requirements  of  this  off  axis  feed  Imply  the  use  of  a  combination  of  row  and  colunn  steering  and 
a  beam  steering  algorithm  for  off  axis  scan. 

Research  sponsored  by  AFCRL  has  been  concerned  with  providing  scan  coverage  In  excess  of  ten 
beamwldths  but  with  minimum  size  final  aperture  and  with  reduced  element  use  factors.  These  studies  have 
sought  Increased  main  aperture  efficiency  by  allowing  movement  of  an  Illuminated  one  on  a  sub-aperture 
or  by  utilizing  a  beam  forming  matrix  to  produce  a  special  sin  p/|j  distribution  at  the  main  aperture, 
studies  at  Raytheon  (TANG,  C.H.,  and  WINTER,  C.F.,  1973)  have  Included  computer  simulation  of  the  array/ 
lens  structure  shown  In  Figure  6.  The  structure  consists  of  a  planar  feed  of  437  elements  arranged  on  a 
square  grid  spacing  of  0.546X.  A  23-dB  Gaussian  type  tapered  amplitude  excitation  Is  employed  to  achieve 
the  desired  sidelobe  level.  The  array  Is  phased  to  focus  to  a  small  spot  on  the  elliptical  rear  face  of 
a  lens  containing  2617  passive  elements  arranged  on  a  square  grid  of  0.5X.  The  function  of  this  lens  Is 
to  transfer  this  spot  to  a  region  on  the  focal  arc  of  a  lens  with  spherical  back  face.  This  main  lens  Is 
an  equal  path  lens  with  two  point  correction  (0,+10°).  This  antenna  Is  In  the  development  stage  and  so  It 
Is  difficult  to  predict  sidelobe  levels  etc.,  but  preliminary  data  shows  some  shouldering  of  the  main 
beam  and  sldelobes  at  approximately  the«16dB  level  for  ±10  scgn.  The  parametric  features  of  this  antenna 
are  that  at  65X  diameter,  It  forms  a  beam  of  approximately  1.2°  for  all  scan  angles,  thus  Indicating 
efficient  use  of  the  scanned  main  aperture.  In  Its  present  state  of  development,  the  antenna  scans 
approximately  8J  beamwldths,  and  with  437  array  elements  this  corresponds  to  an  element  use  factor  of  about 
1.5,  the  lowest  of  any  of  the  optical  techniques  considered.  The  generalized  f/D  Is  at  least  1-7,  so  the 
structure  Is  quite  long  and  bulky,  but  to  compensate  for  this,  the  main  aperture  D  Is  made  nearly  as 
small  as  possible  because  of  Its  efficient  1 1 lumlnatlon. 

R.  Tang  (TANG,  R. ,  In  preparation)  and  colleagues  of  Hughes  Aircraft  Company  have  Investigated  a 
variation  of  a  technique  described  by  Rudge  and  Withers  (RUDGE,  A.W.,  and  WITHERS,  H.J,,  1971)  who  have 
shown  that  a  Fourier  transformer  (Butler  matrix)  can  be  used  to  match  the  scanned  beams  of  a  reflector 
antenna.  Tang  and  hts  colleagues  have  In  addition  developed  a  method  of  aperture  distribution  synthesis 
In  which  the  antenna  Is  viewed  as  a  subarray  system  with  each  branch  line  of  the  corporate  feed 
representing  a  subarray  terminal.  This  antenna  differs  substantially  from  the  Raytheon  study  because  of 
Its  exploitation  of  the  subarraying  concept,  and  because  the  array  Itself  Is  used  quite  differently.  In 
this  system  too,  a  spot  Is  moved  along  the  focal  arc  of  a  main  aperture  (In  this  case  an  off  axis  reflector 
as  shown  In  Figure  7).  The  array  does  not  do  the  focusing  however,  and  In  fact  It  provides  what  Is 
basically  a  linear  phase  front  (except  for  phase  corrections  provided  by  the  ferrlte/dlode  phase  shifters). 
The  feed  through  lens  focuses  the  energy  from  the  feed  array  to  form  an  approximate  spot-type  distribution 
across  the  reflector  focal  plane.  As  this  distribution  moves,  the  mein  array  Is  scanned.  This  system 
can  be  viewed  as  one  Fourier  transform  removed  from  the  Raytheon  work,  In  that  here  the  array  is 
progressively  phased,  and  the  feed  through  lens  does  the  focusing  to  again  form  the  moving  distribution 
for  scanning  the  main  reflector. 

The  Initial  progressive  phase  shifts  are  shown  here  as  produced  by  a  multiple  beam  matrix,  but 
alternatively  could  be  a  phased  array,  in  this  case  '.he  beam  correcting  phase  shifts  represent  corrections 
to  the  progressive  scan  terms.  Throughout  this  work,  the  amplitude  distribution  maintained  across  the 
array  Is  reproduced  at  the  main  aperture  and  so  good  sidelobe  control  Is  possible.  Preliminary  studies 
have  led  to  computed  patterns  with  -26.5dB  sidelobe)  for  the  on-axis  beam,  and  -20.5  for  the  beam  scanned 
10  beamwldths.  Gain  reduction  over  the  scan  range  is  less  than  2.5dB.  Tho  array  lens  and  reflector 
system  as  presently  conceived  consists  of  800  elements  and  scans  the  0,8°  pencil  beam  about  10  beamwldths 
corresponding  to  an  element  use  factor  of  2.0.  The  reflector  aperture  Is  80X  and  the  generalized  f/D 
ratio  Is  approximately  1.5. 
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4.  ARRAY  TECHNIQUES  FOR  LIMITED  SCAN 

Conventional  phased  arrays  can  provide  excellent  sldelobe  control  and  good  wide-angle  scan 
characteristics,  but  are  In  general  too  expensive  for  PAR  limited  scan  applications  because  an  excessive 
number  of  elements  and  phase  shifters  are  required  to  fill  the  necessarily  targe  radiating  aperture. 

Phased  arrays  cannot  In  general  be  constructed  with  elements  longer  than  a  wavelength  In  the  direction 
of  either  plane  of  scan  because  the  resulting  grotlng  lobes  absorb  much  of  the  power.  In  practice,  arrays 
spaced  a  wavelength  apart  cannot  be  scanned  more  than  a  few  degrees,  and  so  the  element  spacing  0.9X 
(MAILLOUX,  R.J.,  1972a  and  PHELAN,  H.R.,  and  HARRISON,  J.L.,  1973)  will  be  used  throughout  this  paper 
whenever  comparisons  are  made  to  conventional  array  spaclngs  for  limited  scan.  Grating  lobes  can  exist 
either  because  of  an  amplitude  or  phase  taper  In  each  element  aperture  which  gives  the  array  a  scalloped 
aperture  field  distribution,  or  they  can  come  about  as  the  array  Is  scanned  because  the  single  mode 
apertures  can  only  stepwise  approximate  the  linear  phase  taper  which  should  be  achieved  for  proper 
scanning  of  a  phased  array.  Therefore,  for  elements  longer  than  a  wavelength  In  the  scan  plane,  even  If 
the  power  loss  at  broadside  Is  tolerable,  the  main  beam  power  decreases  much  too  rapidly  with  scan  for 
most  applications  because  the  grating  lobes  nearest  broadside  grow  as  they  move  toward  the  element 
pattern  maximum. 

If  the  angle  of  main  beam  scan  Is  0  ,  and  the  spacing  between  elements  Is  W  (normalized  to  wavelength), 
In  tiie  0  -  plane,  then  grating  lobes  appear  at  the  angles  @n  associated  with 


sin  3*  sin  0  +  n 
n  o  “• 


for  any  position  or  negative  Integer  values  of  n  which  define  a  real  angle  0  .  The  size  of  the  grating 
lobes  when  0  «  0  (broadside)  depends  upon  the  amount  of  amplitude  and/or  piifise  scalloping  In  the  basic  -1 

array  elements.  If  there  Is  no  scalloping  In  one  plana,  as  lr.  the  E-plane  of  an  array  of  thin  walled 
horn  apertures,  then  the  field  pattern  of  an  element  In  the  array  (the  array  element  pattern)  will  have  a 
null  at  each  n/W  point  In  sin  0,  and  all  of  the  grating  lobes  will  have  zero  amplitude.  This  Is  the 
optimum  pattern  achievable  and  it  Is  also  the  narrowest  element  pattern  echieveable  without  resorting  to 
superdirective  apertures.  When  there  Is  scalloping,  as  In  the  E-plane  when  the  element  size  Is  less  than 
1  the  Inter-element  spacing,  or  In  the  H-plane  of  a  horn  array,  then  grating  lobes  will  be  present  even  for 

a  beam  at  broadside.  In  either  case,  the  lobes  are  present  when  the  array  Is  scanned  away  from  broadside  ' 

and  special  techniques  must  then  be  utilized  to  reduce  them  to  tolerable  levels. 

»  4.1  APERIODIC  ARRAYS 

The  occurrence  of  grating  lobes  Is  due  to  the  periodic  nature  of  conventional  array  lattices.  The 
periodic  structure  leads  to  the  formation  of  these  ambiguous  beams,  but  when  this  periodicity  Is  removed 
E,  by  varying  element  speclngs,  the  grating  lobes  can  be  effectively  suppressed.  One  of  the  examples  of  the 

use  of  this  type  of  system  for  limited  scan  application  Is  the  array  Investigated  by  W.  Patton  (PATTON, 

W.T.,  1972).  This  structure,  shown  schematically  In  Figure  8,  consists  of  a  circular  array  of  dipole 
subarrays  arranged  in  an  aperiodic  fashion. 

The  elements  have  equal  areas  and  thelt  size  ultimately  determines  the  maximum  scan  angle  of  the 
antenna  at  the  element  half  power  point,  or  approximately  sin  0  -  0.44/W,  where  W  Is  the  normalized 
element  width  In  any  plane.  This  array  is  locally  periodic,  an?)  so  does  have  vcsttgal  grating  lobes,  but 
these  are  considerably  suppressed  for  a  large  array.  Patton  (PATTON,  W.T.,  1972)  describes  a  30  ft 
i  diameter  array  and  a  10  ft  diameter  array  at  C-band.  The  30  ft  array  consists  of  1000  elements,  Instead 

•  of  the  approximately  27,000  elements  needed  to  cover  this  area  using  conventional  array  technology.  The 
subarray  elements  are  excited  by  a  combined  optical  and  transmission  line  feed  consisting  of  a-  optical 
power  divider  feeding  a  primary  spherical  array  and  providing  monopulse  beam  options,  and  transmission 

[■  l^ne  Interconnections  to  tiie  subarrays.  The  array  Is  dually  polarized  and  scans  a  0.36°  beam  approximately 

5  .  It’s  element  use  factor  Is  extremely  iow  at  1.3.  One  disadvantage  of  this  system  Is  Its  rrlatlvely 
high  losses  due  to  gaps  between  the  feed  elements  and  the  transmission  line  losses;  these  and  other  losses 
>  result  In  5.94d0  loss  for  the  10  ft  model  and  In  a  projected  4.21dB  loss  for  the  30  ft  array.  The 

transmission  line  Interconnections  may  also  make  an  X-band  design  somewhat  less  practical.  Finally,  the 
1  structure  does  have  high  average  sldelobes  at  its  maximum  scan,  when  the  main  beam  gain  Is  reduced  3dB 

*  and  the  average  sldelobes  Increased  accordingly.  Apart  from  these  disadvantages  however,  this  aperiodic 

’  array  design  Is  a  major  achievement  In  array  technology;  Its  peak  sldelobes  were  measured  at  the  -1$dB 

level  for  the  10  ft  diameter  array,  and  are  projected  at  -20.9dB  for  the  30  ft  array,  but  the  Item  of 
primary  Importance  Is  the  achievement  of  this  extremely  low  element  use  factor  (1.3)  and  the  accompanying 
reduction  In  necessary  phase  shifters.  This  development  also  empnaslzes  the-  low  generalized  f/D  ratio 
achievable  with  aperiodic  array  technology. 

i  4.2  MULTI -MODE  SCANNING  TECHNIQUES 

t 

Recent  AFCRL  studies  have  revealed  that  higher  order  odd  modes  con  oe  used  to  allow  the  use  of  large 
:  aperture  horns  as  elements  of  a  limited  scan  array  (MAILLOUX,  R.J.,  1972(5  and  MAILLOUX,  R.J.,  and  FORBES, 

t  G.R.,  1973).  The  technique  Is  ca,!ed  odd  mode  scanning  and  is  based  upon  the  recognition  that  It  Is 

possible  to  choose  an  odd  mode  amplitude  and  phase  so  that  tin  combined  even  and  odd  mode  radiation 
pattern  from  any  horn  has  a  zero  at  theoangle  of  the  (n»-l)  grating  lore  nearest  to  broadside.  The 
relative  odd  mode  phase  Is  fixed  at  +90  with  respect  to  the  even  mode  phase.  The  (vjslgn  for  scan  on 
one  side  of  broadside  and  the  (-)  sign  for  scan  in  the  opposite  direction,  but  except  for  the  sign  change 
this  phase  Is  constant  with  scan.  The  relative  odd  ode  amplitude  mu-  t  Increase  monotonlcal ly  with  scan 
In  order  to  move  the  zero  of  this  combined  active  element  pattern  neuter  to  broadside  In  coincidence  with 
the  ( n— - 1 )  array  grating  lobe  position.  Fiqure  9  shows  a  comparison  of  a  singl  node  element  pattern  with 
that  of  a  horn  with  combined  even  and  odd  mode  excitui Ion.  This  figure  demonstrates  that  although  the 
principal  effect  of  the  superposition  Is  to  cancel  the  first  grating  lobe,  In  J.jct  ill  of  the  nulls  shift 
In  the  same  direction  and  so  tend  to  suppress  other  gr.it  Ing  lobes  for  scan  angles  not  too  far  from 

broadside.  Another  advantage  of  the  technique  dlspl  i  .-d  In  these  flyures  Is  that  although  the  odd  and  I 

even  modes  subtract  at  the  n*-l  grating  lobe,  they  on  together  .it  the  main  beam,  thereey  providing  J 
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relatively  constant  gain  with  scan.  This  property  Is  demonstrated  In  Figure  10. 

A  number  of  different  circuits  can  be  used  for  exciting  the  even  and  odd  LSE  modes;  some  are 
essentially  power  divider  circuits  used  to  supply  signals  to  conventional  monopulse  horn  geometries 
(MAILLOUX,  R.J.,  1972b)  and  these  have  the  advantage  of  keeping  even  and  odd  modes  separate  for 
adjustment  purposes.  The  simplest  circuit,  and  likely  the  most  practical  one  however  Is  shown  In  Figure 
11  for  scanning  In  one  plane.  This  figure  shows  an  E-plane  horn  being  excited  by  a  dual  mode  waveguide 
section  of  length  "L".  The  dual  mode  section  Is  fed  by  two  phase  shifters  with  phase  shifts  different  by 
the  angle  A  .  The  phase  shift  r|  provides  the  beam  control  phase,  and  the  difference  A  Is  used  to  excite 
an  odd  mode  at  the  junction  of  the  waveguide  and  the  dual  mode  section.  This  Junction  Is  the  dual  mode 
equivalent  of  a  4-port  magic  tee  hybrid.  The  odd  mode  amplitude  Is  zero  for  A  =*  0  and  Increases  with  the 
an9l®06  up  to  90  •  The  phase  of  this  odd  mode  Is  constant  (90  away  from  the  even  mode  phase)  except  for 
a  180  shift  as  A  goes  from  positive  to  negative.  This  relationship  Is  not  preserved  throughout  the  horn 
however  because  the  two  modes  propagatg  with  a  different  phase  constant,  so  the  dual  mode  section  length 
L  Is  adjusted  to  give  the  required  ±90°  phase  relationship  at  the  horn  face.  The  circuit  therefore 
provides  exactly  the  amplitude  and  phase  control  as  required  by  the  odd  mode  scanning  technique.  Two 
phase  shifters  are  thus  required  per  element  for  scanning  In  one  plane,  and  the  allowable  element  spacing 
Is  given  by  (MAIL1.0UX,  R.J.,  and  FORBES,  G.R.,  1973) 

W  sin  9  =  0.6 

max 

Elements  can  therefore  be  3.5  wavelengths  on  a  side  for  +10°  scan,  4.6  wavelengths  for  +7.5°  scan, 
corresponding  to  savings  In  phase  shifters  of  2  and  2.5  for  one  plane  of  scan.  The  phase  controls  required 
are  the  simple  progressive  terms  for  beam  steering  plus  the  difference  term  A  which  Is  the  same  for  all 
elements  but  which  does  vary  with  scan  angle. 

As  shown  In  Figure  9,  the  case  of  E-plane  scan  Is  Ideally  suited  to  the  odd  mode  scanning  technique 
because  the  array  grating  lobes  lie  In  the  element  pattern  nulls  when  the  array  is  at  broadside.  The  case 
of  H-plane  scan  offers  more  difficulties  because  the  widened  element  pattern  has  nulls  beyond  the  grating 
lobe  points  for  the  array  at  broadside,  and  so  energy  Is  lost  Into  these  H-plane  grating  lobes.  This 
problem  has  been  solved  by  using  a  set  of  dielectric  layers  at  the  sides  of  each  horn  (TSAND0ULAS,  G.N., 
and  FITZGERALD,  W.D.,  1972)  to  taylor  the  H-plane  element  pattern  and  move  the  nulls  In  to  approximately 
the  position  of  the  broadside  grating  lobes.  Using  this  design  H-plane  element  patterns  with  appropriate 
scanning  nulls  have  been  designed  and  have  achieved  proper  null  scanning  for  grating  lobe  control  with 
elements  up  to  4.6\  wide.  The  odd  mode  used  to  accompany  the  LSE10  mode  for  H-plane  scan  Is  the  LSF20. 

Figure  12  shows  a  circuit  for  exciting  four  modes  (LSE10,  LSE11,  LSE20,  LSE21 )  as  required  for 
scanning  In  two  dimensions.  This  circuit,  with  phase  shifts  as  noted  on  the  figure,  forms  a  separable 
aperture  distribution  at  the  horn  face  either  for  an  unloaded  horn  or  for  one  with  dielectric  wedges  for 
H-plane  control.  The  resulting  element  pattern  Is  thus  suitable  for  full  two  dimensional  control  using 
E-and  H-plane  difference  phase  terms  as  defined  by  the  respective  positions  In  direction  cosine  space. 

No  cross  product  phase  corrections  are  needed  and  again  simple  row  and  column  phase  control  Is  sufficient. 

In  this  cose  the  horns  must  be  designed  to  maintain  the  proper  phase  relationship  between  all  four  modus. 

Figure  13  shows  a  laboratory  model  of  an  array  based  upon  this  concept.  The  array  Is  designed  for 
E-plane  scan  +12  and  uses  the  odd  mode  power  divider  concept  shown  In  Figure  11.  Figures  14a  and  14B 
show  E-plane  patterns  of  the  array  of  Figure  1.  In  Figure  14a,  the  array  Is  phased  at  broadside  and 
the  elements  are  excited  with  the  central  four  at  uniform  amplitude,  the  second  element  In  from  each  end 
of  the  array  at  -3dB  amplitude,  and  the  outer  elements  at  -6dB  amplitude.  This  taper  should  have  first 
sldelobes  at  about  -19dB,  but  due  to  cable  and  power  divider  phase  errors  the  level  Is  approximately  -1 7dB . 
This  figure  shows  grating  lobes  at  approximately  +1&°  (-16dB)  and  also  at  +40°  (-26dB).  These  would  be 
zero  If  the  horn  elements  were  perfect,  and  they  can  be  reduced  somewhat  by  using  a  dielectric  lens  to 
collimate  the  beam  of  each  horn.  Figure  14b  shows  two  cases  at  the  maximum  scan  angle  +12°.  The  dashed 
curve  In  this  figure  shows  the  horn  array  radiation  pattern  without  odd  modes,  and  clea?|y  Indicates  the 
Impossibility  of  using  such  a  design.  In  this  case,  the  main  beam  gain  Is  reduced  over  5dB  with  respect 
to  the  broadside  array  and  the  grating  lobe  at  -7°  Is  larger  than  the  main  beam  by  1 .8dB.  Other  grating 
lobes  are  at  tolerable  levels.  The  solid  curve  of  14b  shows  that  when  each  element  Is  excited  with  an 
odd  mode  signal  by  changing  the  relative  lengths,  the  offending  grating  lobe  Is  reduced  to  approximately 
the  -20dE  level,  and  the  main  beam  gain  Is  Increased  to  approximately  -1 .2dB  with  respect  to  the 
broadside  case. 

The  array  used  for  this  experiment  was  not  designed  for  wideband  operation  but  does  provide  18d8 
suppression  of  the  n«-1  grating  lobe  over  approximately  3%  bandwidth,  and  16dB  suppression  over  a  4% 
band.  It  Is  expected  that  10%  can  be  achieved  without  excessive  difficulty.  A  second  E-plane  horn 
element  has  been  designed  with  4.6x.  aperture  size  and  found  to  scan  with  approximately  the  same 
characteristics  at  the  2.9X  horn  when  viewed  In  W  sin  e  space.  This  horn  was  excited  with  a  larger 
dual  mode  waveguide  section,  and  so  does  have  a  bandwidth  of  about  6'/,. 

The  odd  moce  scanning  technique  described  above  results  In  a  flat  array  face  with  periodic  element 
spaclngs.  The  elements  are  highly  efficient,  being  unlformally  1 1 1  cm  I nated  in  the  E-plane  and  very 
nearly  so  In  the  H-plane  (because  of  the  dielectric  wedges  designed  to  Improve  H-plane  efficiency  and  null 
position).  A  study  of  the  near  and  tar  sldelobes  has  revealed  that  these  are  of  very  different  character, 
and  that  by  using  conventional  aperture  tapering  procedures  near  sidelobe  levels  of  -30dB  or  less  ran  be 
achieved,  and  •- h I s  level  can  be  made  as  low  as  phase  tolerances  and  array  size  w'll  allow.  The  nulled 
grating  lobe  (n«-l)  Is  suppressed  20  to  2 5dt>  for  a  small  a rray  (8  elements),  but  may  be  suppressed 
substant  la  I ly  more  for  larger  arrays.  The  residual  grating  lobes  ot  wider  angles  are  unaffected  by  array 
amplitude  tapering  and  remain  the  major  limitation  of  the  technique.  This  laboratory  Is  now  Investigating 
the  synthesis  of  stratefled  dielectric  ieyer  spatial  filters  for  reduction  of  these  far  sldelobes.  This 
technique  shows  good  promise  of  success  because  lobes  are  already  12  to  1 5dB  below  the  main  beam  and  are 
at  wide  enough  angles  as  compared  with  the  main  bean  that  they  can  be  separated  effectively  by  this  means. 
With  or  without  this  filtering,  the  average  energy  In  the  sldelobes  remains  far  below  that  of  the  aperiodic 
array  schemes,  for  the  odd  me  de  technique  typically  less  than  1.5dB  loss  at  the  scan  limit. 
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The  element  use  factor  ts  typically  2.5,  and  so  compares  quite  favorably  with  many  of  the 
reflector  or  lens  schemes.  An  additional  positive  factor  ts  that  the  element  spaclngs  are  quite  large, 
and  allow  much  more  room  than  conventional  arrays  for  mounting  of  phase  shifters,  cooling  and  adjusting 
or  replacing  Individual  members.  The  gain  reduction  with  scan  Is  minimal  and  the  beamwldth  variation  ts 
also  minimal  and  Is  Influenced  only  by  the  cos  6  projection  factor.  The  structure  can  be  excited  by 
space  feed  or  corporate  feed  geometries  and  the  flat  array  face  makes  circular  polarizers  convenient  If 
required.  Of  primary  Importance  Is  that  waveguide  circuits  can  be  used  throughout,  thus  assuring 
extremely  low  loss  operation.  In  additional,  the  structure  can  be  made  very  short  (In  the  sense  of  a 
generalized  f/.  ratio)  as  compared  with  the  optical  structures,  and  comparable  with  aperiodic  array 
techniques. 

In  summary,  this  method  can  provide  moderate  element  use  factors  with  many  of  the  advantages  of  a 
conventional  phased  array  for  the  limited  scan  application.  Gain  variation  with  scan  ts  the  best  of  any 
of  the  techniques  considered,  as  ts  boreslght  gain.  The  major  disadvantage  of  the  technique  at  present 
Is  the  relatively  high  far  sldelobes;  and  It  Is  anticipated  that  spatial  filtering  techniques  will  bring 
about  a  substantial  Improvement  In  this  condition.  Near  sldelobes  are  lower  than  any  of  the  optical 
techniques  considered,  and  are  at  least  as  low  as  those  of  the  aperiodic  arrays. 

5.  CONCLUSION 

This  paper  has  described  a  number  of  techniques  for  limited  antennas  and  has  compared  these  for  PAR 
application.  Reflector  and  tans  structures  have  advanced  to  a  point  at  which  low  element  use  factors 
are  achievable  with  sldelobes  at  approximately  the  -20dB  range  and  good  scanning  characteristics. 

Aperiodic  arrays  have  achieved  the  lowest  element  use  factors  with  good  peak  stdelobe  control,  although 
with  substantial  average  sldelobe  levels.  Finally,  the  multimode  scanning  technique  shows  promise  of 
providing  good  element  use  factors  with  excellent  efficiency  and  gain  variation  with  scan.  Successful 
application  of  this  technique  to  PAR  requirements  will  demand  substantial  Improvements  In  far  sldelobe 
control.  Work  In  progress  Is  addressed  to  providing  this  Improved  performance. 
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MAIN  APERTURE 

Fig.l  Generalized  limited  scan  antenna  geometry 


Fig. 2  Planar  array  and  paraboloid  for  limited  scan 
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MAIN 
REFLECTOR 


•the  commonality  of  the  focal 
DISTRIBUTION  OF  THE  MAIN  REFLECTOR 
AND  CONSTRAINED  LENS  IS  ACHIEVED  BY 
PHASE  ADJUSTMENT  AT  THE  PHASED  ARRAY 
FEED  AS  A  FUNCTION  OF  SCAN. 


COMMON*  FOCAL  DISTRIBUTION  OF  CONSTRAINED 
LENS  AND  MAIN  REFLECTOR  FOR  OFF-AXIS  SCAN. 
THE  COMATIC  PHASE  ERROR  IS  COMPENSATED  FOR 
BY  THE  FEED  ARRAY. 


L>  THROUGH  LENS 


COMMON  FOCAL  FIELD  DISTRIBUTION 
OF  CONSTRAINED  LENS  AND  MAIN 
REFLECTOR  FOR  ON-AXIS  BEAM.  FOR 
BEST  EFFICIENCY.  THE  LENS  ANO 
REFLECTOR  DISTRIBUTIONS  SHOULD 
BE  IDENTICAL  WITH  CONJUGATE  PHASE 


FIXED  OlELCCT RIC 
PHASE  SHIFTERS 


FERRITC/OIOOE 
PHASE  SHIFTERS 


MULTIPLE  BEAM 
MATRIX 


MULTIPLE  BEAM 
OUTPUT  TERMINALS 


Single  Reflector  with  Multiple  Beam  Constrained  Lens 

Fig.7  Reflector-lens  limited  scan  concept  (courtesy  of  R.Tang,  Hughes  Aircraft  Co.,  Fullerton,  CA) 


Fig. 8  Aperiodic  array  for  limited  scan 


Fig.  1 3  Prototype  array  for  E-plane  scan  (W  -  3.01) 


POWER  ONE  WAY(dB)  RELATIVE  POWER  ONE 


32-14 


P-maaiPE 


R»  HSIIZIQ:  In  an  array  and  reflector  system  with  a  lower  number  of  elementary  radiators 
and  phase  shifter  units,  the  randomising  effect  of  the  multitude  of  phase  shifters  in  a 
conventional  phased  array  cannot  ba  utilised*  Therefore  an  increased  aoeuraoy  in  the  phase 
shifters  is  required*  Could  you  comment  on  this  especially  with  respect  to  the  teohnioologl- 
cal  Impact  on  the  phaseshlf ters* 

R.J.  MaILLODX:  Yes,  you  raise  the  point  as  to  whether  or  not  the  search  for  techniques 

to  reduce  the  number  of  array  phase  shlfterB  might  reaoh  the  stage  of  being  counterproductive 
if  the  number  of  elements  gets  so  small  that  very  accurate  phase  shifters  would  be  neoessary* 
Obviously  this  would  be  the  oase  if  the  arrays  were  not  large  in  the  first  case;  and  Indeed 
in  such  cases  one  would  be  better  off  to  use  conventional  array  technology.  PAR  antennas 
however  are  very  large,  and  even  with  "element  use  f motors"  approaching  unity,  suoh  arrays 
will  have  more  than  400  to  5 00  elements*  With  suoh  a  large  aperture,  I  do  not  expect  that 
phase  shifter  tolerance  will  be  a  problem* 


J.S*  AJIOKa:  Of  the  various  limited  soan  techniques,  you  did  not  mention  High  Performana 
Space  Feed  (H.I.P.S.A.F.)  of  the  Hughes  Aircraft  Co*  Fullerton,  Calif*  sponsored  by  R.A.D.O. 

WhatB  the  possibility  or  rotating  the  parabolic  sub-reflector  of  fig.  5  by  90°  in  a 
clockwise  direction.  With  such  a  rotation  the  primary  feed  would  point  vertically  downwards 
onto  the  sub-reflector.  It  seems  that  the  off-axis  aberrations' with  this  change  may  cancel 
better  because  of  symmetry. 

A  desirable  geometry  for  a  dual  reflector  system  is  to  have  the  aperture  distribution 
in  the  final  (large)  r.. flee ter  to  be  stationary  rt  the  expense  of  distribution  scanning  over 
the  smaller  sub-reflector.  This  distribution  scanning  may  be  advantageous  beoause  this  allow 
a  greater  degree  of  eub-refleotor  shaping  (aevlation  from  a  paraboloid)  for  off  axis 
aberration  correction  which  is  a  function  of  scan,  and  sinoe  the  distribution  aoana  the  sub- 
reflector,  shape  tailoring  may  be  done  to  a  greater  degree.  Do  you  know  of  work  done  along 
these  lines?  Since  Hughes  is  working  in  this  field,  wa  are  interested  in  the  work  of  others, 
possibly  unpublished. 


R, J.  MAILLQOX;  I  had  no  time  to  mention  this  in  the  oral  presentation,  but  I  Hava 
mentioned  the  overlapped  sub-array  technique  in  the  text  (page  32-3)  and  in  the  referenoes 
(ref.  10).  H. I.P.S.A.F.  la  of  course,  the  first  praotioal  demonstration  of  this  technique 
was  indeed  successful.  Tha  work  referred  to  on  page  32-3  utilises  this  technique  for 
synthesizing  the  sub-element  pattern. 

.  _  *  ohTOU*d  “^8°  aot®  we  have  conducted  some  overlapped,  array  studies  in-house  at 
A.P.O.R.L. ;  and  a  report  oft  thla  work  la  in  preparation. 

Tour  aomnent  about  rotating  the  aub-rcfleotor  90°  sounds  reasonable,  and  I  know  of  no 
atfcer  work  along  these  lias. 


sal 
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NOTES  ON  THE  RADIATION  PATTERNS  OP  HP  AERIALS  INSTALLED  ON  HELICOPTffiS 

by 

W  T  Blaokband 

Royal  Alroraft  Establishment,  Par nbo rough,  England 


SOWURT 

The  fundamental  modes  of  eleotrioal  oscillation  of  a  helioopter  are  considered  and  their  radiation 
patterns  predicted.  Soale  model  experiments  have  confirmed  these  predictions.  Two  modes  of  rotor 
modulation  are  possible.  These  have  different  characteristics,  the  first  affecting  signals  at  all 
azimuths  while  the  effeots  of  the  other  are  most  apparent  near  to  minima  in  the  radiation  pattern. 

1 .  INTRODUCTION 

The  basio  radiation  patterns  for  horizontally  and  vertioally  polarised  radiation  are  discussed 
considering  the  helioopter  structure  as  a  resonator.  The  effeots  on  these  patterns  of  rotor  rotation 
are  predicted. 

A  series  of  measurements  of  the  radiation  patterns  of  a  l/20th  soale  "Whirlwind"  helioopter  have 
been  made.  These  measured  patterns  illustrate  and  confirm  the  predictions  made  in  the  first  part  of  the 
paper. 

2.  THE  RADIO  FREQUENCY  RESONANCES  CP  THE  HELICOPTER  STRUCTURE 

Two  important  resonances  in  the  helicopter  structure  ooour  in  the  middle  of  the  HP  band.  These  are 
illustrated  in  Figure  1.  The  first,  in  whioh  the  current  flow  is  shown  by  the  continuous  lines,  Is  that 
in  whioh  the  fuselage  of  the  helioopter  resonates  as  a  dipole.  Ibis  will  ooour  at  a  frequency  when  the 
fuselage  is  about  half  a  wavelength  long  (or  a  slightly  lower  frequency  because  the  helioopter  is  a  fat 
dipole).  For  a  Whirlwind  this  would  be  at  a  frequency  of  about  10.5MHz  while  for  a  Wessex  this  would  be 
at  about  9«7MHz.  This  mode  of  resonanoe  would  lead  to  horizontally  polarised  radiation  with  the  usual 
figure  of  eight  radiation  pattern  of  a  dipole  with,  in  the  azimuthal  plane,  one  lobe  direoted  eaoh  side 
of  the  fuselage,  and  zeros  end  on  fore  and  aft. 

The  seoond  major  resonance  is  one  in  which  currents  flow  backwards  and  forwards  from  rotors  to 
fuselage.  The  current  pattern  is  shown  in  broken  lines  in  Figure  1.  The  resonant  frequenoy  will  be 
influenced  to  a  certain  extent  by  the  form  of  the  helioopter  fuselage,  but,  to  a  first  approximation  it 
can  be  taken  as  that  at  whioh  the  rotor  blades  are  a  quarter  of  a  wavelength  long.  The  radiation  of 
this  current  pattern  is  very  simple  -  the  radiations  from  horizontal  currents  on  the  rotors  oanoel  as  do 
to  a  first  approximation  those  due  to  the  forward  and  rearward  partB  of  the  helioopter.  This  leaveB 
uncanoelled  the  vertical  currents  on  the  rotor  drive  shaft  and  rotor  tower.  These  currents  approximate 
to  those  of  a  Hertzian  doublet,  and  there  is  an  omniazimuthal  radiation  of  a  vertioally  polarised  oignal 
with  zeros  above  and  below  the  helioopter.  The  resonant  frequenoy  for  the  mode  in  a  Whirlwind  would  be 
about  9.3MHz  and  in  a  Wessex  8.4MHz  approximately. 

These  two  resonances  dominate  the  distributions  of  current  and  consequently  the  radiation  patterns 
in  the  midpart  of  the  HP  band. 

3.  THE  RADIATION  PATTERNS  AT  RESONANCE 

The  corresponding  radiation  patterns  are  shown  in  Figure  2  in  whioh  the  oontinuous  line  shows  the 
horizontally  polarised  dipole  pattern  of  the  first  resonanoe  and  the  dotted  line  shows  the  vertioally 
polarised  pattern  of  the  seoond  (rotor-fuselage)  resonanoe.  In  this  figure  the  dotted  oirole  hae  been 
drawn  outside  the  figure  of  eight  for  clarity,  in  practioe  their  relativo  amplitudes  would  be  governed 
by  a  variety  of  factors  including  the  quality  of  eleotrical  contact  between  the  rotors  and  the  fuselage. 

The  marked  difference  between  the  two  radiation  patterns  shown  in  Figure  2  illustrates  the 
importance  of  the  direction  of  polarization  in  the  evaluation  of  the  utility  of  the  radiation  of  an  HF 
Installation  in  a  helicopter.  Thus  there  is  good  omniazimuthal  oover  for  vertical  polarisation,  but 
indifferent  oover  for  the  horizontal  polarisation  with  nulls  fore  and  aft.  These  nulls  would  seam  to  be 
inesoapable  for  helioopter  operation  in  the  wavelength  band  dominated  by  the  first  mode. 

It  may  be  noted  here  that  the  Operational  Requirement  for  an  HF  system  ought  to  specify  the  direction 
of  polarisation  required,  and  that  it  will  be  fruitless  to  demand  good  forward  or  rearward  oover  with 
horizontal  polarisation. 

4.  THE  RADIATION  PATTERNS  AT  OTHER  FREQUENCIES 

At  frequsnoiaa  above  the  resonant  frequenoy  the  fuselage  becomes  a  long  dipols  and  the  number  of 
lobes  in  the  pattern  increases.  Thus  at  double  the  first  resonant  frequenoy  one  might  expeot  to  have 
four  lobes  in  the  radiation  pattern,  however  beoause  of  the  gyrinine  form  of  the  fueelage  the  splitting 
into  four  lobes  oocurs  at  a  somewhat  higher  frequenoy.  The  vertically  polarised  component  of  the 
radiation  will  not  be  affeoted  by  the  current  distribution  along  the  rotor  blades  or  fueelage  but  only  by 
the  ourrent  on  the  oentral  tower  and  rotor  shaft.  At  the  half  wavelength  resonanoe  described  above  a 
maximum  in  the  ourrent  standing  wave  pattern  ooour*  on  the  oentral  tower  and  rotor  shaft  and  a  relatively 
strong  vertioally  polarised  component  is  radiated.  At  about  double  this  frequenoy  the  standing  wave 
pattern  will  have  changed  so  as  to  bring  a  minimum  in  plaoe  of  the  maximum  and  the  vertioally  polarised 
radiation  will  be  very  much  reduoed. 
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Am  the  frequenoy  is  loverad  from  ilia  resonant  frequenoy  tha  horiaonially  polariiad  oomponent  kaapa 
ita  figure  of  eight  pattern  with  nulla  fora  and  aft  -  it  appro aohea  that  of  a  doublet. 

At  frequencies  halow  tha  raaonant  fraquanoy  tha  currant  flowing  in  tha  rotor  driva  shaft  and  rotor 
towar  will  be  vary  nuoh  lass  than  at  raaonanoa  and  while  ita  radiation  will  be  oanlasinuthal  it  will  be 
at  a  low  level  and,  as  will  be  shown  in  Ssotion  6,  it  oan  be  masked  by  other  aouroaa  of  ra&ation. 

5.  ROT®  MODULATION 

The  rotation  of  tha  main  rotor  of  tha  haliooptar  oan  produoa  an  amplitude  modulation  of  tha  signal 
transmitted  in  any  given  direction.  Thera  are  two  ways  in  which  this  modulation  oan  arise* 

Firstly  the  changing  oapaoitanoa  between  tha  rotors  and  fuselage  oan  altar  tha  reaotive  load 
presented  to  tha  AOT  and  so  modulate  tha  amplitude*  At  operating  frequencies  oloaa  to  tha  natural 
resonant  fraquanoy  of  airframe  this  amplitude  ohange  oan  be  double  humped  with  a  marked  modulation 
oomponant  at  twloe  the  fraquanoy  at  which  tha  rotors  arms  cross  tha  tailboom.  At  frequencies  nuoh 
different  from  that  of  natural  raaonanoa  tha  modulation  will  be  single  humped,  tha  main  oomponant  being 
at  the  fraquanoy  of  rotor  passes. 

It  is  to  be  noted  that  this  form  of  rotor  modulation  affaots  tha  signals  equally  in  all  direotions 
and  is  independent  of  tha  azimuth  of  radiation*  However  there  is  another  mechanism  which  gives  a 
modulation  oonoentrated  in  oertain  azimuths.  This  is  illustrated  in  Figure  3* 

Consider  a  helioopter  with  one  rotor  blade  aligned  with  the  fuselage.  Beoauae  of  the  symnetry  of 
the  rotor  Bystem  it  would  not  affeot  the  figure  of  eight  horizontally  polarised  radiation  pattern  due  to 
currents  on  the  fuselage*  Next  consider  the  rotor  system  turned  through  a  small  angle  from  the  fuselage 
axis.  In  this  arrangement  currents  induced  in  the  rotors  are  equivalent  to  those  in  a  dipole  making  the 
same  small  angle  with  the  axis*  The  oombined  effeot  of  the  currents  in  the  fuselage  considered  aa  one 
dipole,  and  those  in  the  rotors  considered  as  another  dipole,  would  be  represented  by  an  effeotive  dipole 
making  an  angle  with  the  fuselage  Using  between  the  fuselage  and  the  rotor  blade. 

Thus  as  the  rotor  blade  rotated  it  would  swing  the  figure  of  eight  radiation  pattern  about  the 
fuselage  axis  through  a  small  angle,  t.  This  is  shown  in  Figure  3  where  the  solid  and  dotted  lineB  show 
tha  limitB  of  pattern  swing.  For  an  observer  at  A  looking  up  towards  0  there  is  little  change  in 
reoeived  amplitude  as  the  rotor  turns  is  the  rotor  modulation  ia  small.  Ob  the  other  hand  for  an 
observer  at  B  there  is  a  two  to  one  variation  in  amplitude,  while  at  0  the  uignal  would  fall  to  zero  end 
there  would  be  100$  rotor  modulation.  It  is  to  be  noted  that  in  contrast  to  the  first  form  of  rotor 
modulation  which  was  independant  of  azimuth,  the  seoond  form  of  modulation  varies  in  depth  with  bearing, 
being  deepest  in  the  region  of  a  dip  in  the  radiation  pattern. 

As  the  rotors  are  horizontal  in  normal  flight  in  general  the  seoond  kind  of  rotor  modulation,  whioh 
is  azlmith  dependent,  will  be  ohiefly  apparent  on  the  horizontally  polarised  component  of  radiation,  and 
not  on  the  corresponding  vertioal  oomponent. 

From  the  above  discussion  it  would  seem  that  the  best  precaution  to  take  in  order  to  limit  rotor 
modulation  of  the  first  kind  would  be  to  ensure  that  the  aerial  system  installed  does  not  sat  up  a  high 
field  in  the  regions  through  which  the  rotors  pass.  Experiments  with  a  wire  aerial  run  up  the  tail  boom 
and  left  open  olrouited  at  the  far  end  ahowed  that  this  arrangement  was  very  susoeptible  to  rotor 
modulation  -  much  more  than  when  the  same  wire  was  short  circuited  at  the  upper  end.  This  is  beoause  with 
the  open  wire  there  is  a  field  concentration  at  the  upper  end  in  the  region  through  whioh  the  rotors  pass, 
while  with  the  wire  short  olrouited  this  field  oonoentration  is  avoided. 

In  theae  notes  there  has  not  been  any  mention  of  the  modulation  effeots  of  tail  rotors*  SUoh 
modulation  does  occur,  particularly  near  the  frequenoy  where  the  rotor  blades  are  a>  quarter  wavelength 
long,  but  as  in  general,  this  frequenoy  lies  outside  the  HP  band  this  phenomenon  has  been  omitted  from 
thia  duaoussion. 

6.  MEASURED  RADIATION  PATTERNS 

It  is  not  possible  to  measure  the  radiation  patterns  at  resonanos  without  having  some  mechanism  for 
exciting  the  raaonanoa.  This  mechanism  in  most  oases  will  radiate  on  its  own  aooord  and  so  tend  to  mask 
the  radiation  of  the  baslo  resonance  of  the  helioopter. 

In  order  to  oheok  tha  prediotlone  of  the  previous  Sections  a  l/20th  soale  model  Whirlwind  helioopter 
was  used.  This  was  fitted  with  a  notch  antenna  out  into  the  fairing  between  the  oabin  and  the  tail  boom. 
Thia  installed  notch  is  illustrated  in  Figure  4*  It  was  convenient  to  use  the  notch  aa  the  mechanism  for 
axoiting  tbs  currants  in  the  helioopter  fuselage  because  it  aots  as  a  loop  antenna  and  so  doss  not  radiate 
energy  with  horizontal  polarisation.  For  this  reason  the  radiation  patterns  of  the  horizontally  polarised 
oomponant  from  the  helioopter  resonanoe  will  not  be  oonfused  by  any  radiation  from  the  notch.  However, 
the  not oh  will  radiate  with  vertioal  polarisation  a  figure  of  eight  pattern  with  lobes  fore  and  aft  and 
deep  nulls  to  each  side.  It  is  to  be  expeoted  that  this  radiation  pattern  will  obscure  the  radiation 
pattern  of  the  vertically  polarised  oomponent  from  the  helioopter  resonanoe  particularly  at  frequencies 
well  away  from  the  frequenoy  of  resonanoe. 

The  measured  radiation  patterns  are  shown  in  Figure  5.  Tha  three  diagrams  in  the  left  hand  column 
show  the  horizontal  oomponant  of  the  radiation  the  upper  at  a  measured  frequenoy  of  80MHz  (scaled  from 
4 MHz)  whioh  is  well  below  resonanoe,  the  middle  one  at  about  the  resonant  frequency  (206 MU  scaled  from 
10.3Wtz)  and  the  lower  one  at  twloe  the  resonant  fraquanoy  (40016b  scaled  from  2CMHz).  From  tha 
foregoing  discussion  it  is  to  be  expeoted  that  these  would  not  be  affeoted  by  radiation  from  the  not  oh 
and  that  they  should  agree  with  the  prediotlone  of  Beotions  3  and  4*  This  ie  seen  to  be  the  oase.  At 
the  resonant  fraquanoy  the  radiation  pattern  ie  that  of  a  dipole  a  figure  of  eight  with  nulls  fora  and 
aft.  This  is  substantially  unaltered  at  the  lower  fraquanoy  (it  is  not  easy  to  distinguish  between  tbs 
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measured  radiation  pattarna  of  a  dipole  and  a  Hartaian  doublet).  At  tvioe  the  resonant  frequency  there 
are  the  be  finning*  of  a  breaking  up  into  four  lobea. 

The  diagraa  of  the  vertically  polarised  ooaponent  are  shown  in  the  right  hand  oolumn.  As  would  be 
axpeoted  the  radiation  patterns  are  dominated  by  the  fore  and  aft  figure  of  eight  of  the  notch  radiation, 
particularly  at  the  frequencies  well  below  and  well  above  the  frsquenoy  of  reaonanoe.  At  the  resonanoe 
frequency  the  radiation  pattern  is  that  of  the  axpeoted  omniasisuthal  form  with  a  distortion  due  to  the 
figure  of  sight  of  the  notoh. 

Thus  the  measured  radiation  patterno  oonfim  the  predictions  made  in  Section  3  and  4  in  partioular 
demonstrating  the  axpeoted  preaenoe  of  fore  and  aft  nulla  in  the  radiation  pattern  for  the  horiaontally 
polarised  oomponent. 

The  importance  of  the  resonanoe  of  the  helioopter  fuselage  has  been  demonstrated  by  unpublished 
measurements  of  the  effeotive  radiated  power  of  an  HP  installation  in  which  a  marked  peak  was 
demonstrated  near  to  the  frequanoy  of  fuselage  resonanoe  as  a  half  wave  dipole. 

7.  MEASURED  ROTOR  MODULATIONS 

The  two  diagrams  of  Figure  6  show  measured  horizontal  plane  radiation  patterns  reoorded  as  the  rotors 
of  the  l/20th  scale  model  helioopter  were  rotated.  Beoause  the  rotors  were  turned  muoh  faster  than  the 
model  under  test,  the  rotor  modulation  appears  as  a  scalloping  on  the  diagram.  The  depth  of  modulation 
can  be  read  from  the  diagram  using  the  marked  dB  scale  (5dB  between  heavy  lines).  Both  of  these  diagrams 
were  reoorded  near  the  frsquenoy  of  resonanos  where  the  modulation  effeots  are  most  marked. 

The  upper  diagram  demonstrates  the  first  kind  of  modulation  desoribed  in  Seotion  5,  whioh  appears 
of  the  same  depth  at  all  azimuths.  As  predioted  this  shows  a  marked  double  humping  as  the  rotor  arm 
brings  the  structure  in  and  out  of  resonanoe. 

The  lower  diagram  demonstrates  the  seoond  kind  of  modulation  in  whioh  the  modulation  is  ouch 
greater  in  the  direotion  of  the  radiation  minima  than  in  other  directions.  It  will  be  noted  that  in  the 
rearward  direotion  the  modulation  has  a  ratio  of  25dB. 

8.  LIMITATIONS  IN  THE  OPERATIONAL  USE  OP  HP  AERIALS  ON  HELICOPTERS 

The  radiation  from  a  helioopter  in  the  HP  band  is  complex  with  both  horizontally  and  vertically 
polarised  components.  The  radiation  patterns  of  these  components  are  dissimilar  and  it  is  important  to 
keep  olearly  in  mind  whioh  oomponent  is  being  utilised  in  any  givon  comnnnioation  system. 

The  horizontally  polarised  oomponent  is  radiated  with  a  lobed  pattern.  These  patterns  are  figure 
of  eight  for  most  of  the  frequency  band.  In  this  case  the  nulls  are  such  that  the  signal  level  will  be 
more  than  10dB  below  that  at  the  peak  of  the  lobe  for  a  seotor  35°  wide  about  each  null.  Operational 
planning  must  aooept  the  inevitable  faot  that  these  nulls  exist  and  that  they  extend  to  nose  and  tail. 

Rotor  modulation  of  the  horizontally  polarised  radiation  from  helioopters  can  be  extremely  deep  over 
narrow  angular  seotors  but  a  fading  ratio  of  10dB  is  not  unusual  over  a  seotor  of  Bay  30°.  If  there  is 
plenty  of  power  in  hand  the  AOO  can  oops  with  this  modulation  as  the  frequency  is  low  (in  the  band 
10-20Hz).  Unfortunately  the  depth  of  modulation  is  usually  deepest  in  the  directions  of  minima  in  the 
radiation  pattern  -  that  is  in  circumstances  in  whioh  the  AOC  would  not  be  in  operation. 

The  vertically  polarised  oomponent  has  a  generally  omniazimuthal  configuration  near  resonanoe  and 
so  is  but  little  affected  by  rotor  modulation.  At  high  and  low  frequenoieB  nulls  appear  in  the  radiation 
pattern.  They  correspond  in  direotion  to  the  jiuIIb  of  the  notoh  aerial  used  in  order  to  exoite  the 
helioopter  fuselage. 

The  effeots  of  the  different  radiation  patterns  and  of  rotor  modulation  on  data  link  oirouits  require 
careful  study.  The  use  of  polarisation  diversity  also  requires  consideration. 


Notch  in  fairing  between 


cabin  and  tallboom 


Fig.4  The  siting  of  the  notch  antenna  on  the  model  helicopter 
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SUMMARY 


The  advantages  of  phased  array  antennas  are  evident  but  they  have  to  be  paid  for 
by  considerable  technical  and  financial  expense.  It  may  be  reduced  by  "thinning”  the 
array,  l.e.  by  distributing  only  a  few  elements  In  an  extended  regular  grid  of  a  con¬ 
ventional  "filled"  array  with  one-half  wavelength  spacing. 

In  designing  large  arrays  statistical  methods  for  the  element  arrangement  are 
used  and  from  these  only  statistical  Information  can  be  obtained  with  regard  to 
resulting  radiation  patterns. 

The  paper  commences  with  a  survey  of  the  well-known  statistical  relations  between 
element  distribution  and  radiation  pattern  of  density-tapered  arrays.  Following  a 
discussion  of  the  statistical  distribution  of  the  signal  energy  in  sldelobe  direc¬ 
tions,  the  effects  on  the  radiation  pattern  of  a  special  element  distribution,  l.e. 
the  minimum  distance  of  half  a  wavelength  between  adjacent  elements  is  increased  to 
one  wavelength,  are  also  treated.  The  paper  concludes  with  a  brief  study  concerning 
the  problems  which  are  caused  by  the  digitally  controlled  phase  shifters  commonly 
used  in  phased  array  technique. 


1.  INTRODUCTION 


For  several  applications,  e.g.  in  radar  and  navigation,  an  increasing  popu¬ 
larity  can  be  noted  for  phased  arrays,  l.e.  antenna  arrays  whose  radiation  patterns 
can  be  scanned  by  phase  control  of  discrete  antenna  elements. 

Experimental  systems  developed  so  far  vary  considerably  in  structure  and 
dimensions.  There  are  arrays  with  a  few  elements  placed  in  a  line,  up  to  arrays  with 
some  thousand  elements  arranged  on  flat  or  curved  apertures.  All  systems  princi¬ 
pally  consist  of  three  essential  parts,  l.e.  radiating  elements,  phase  shifters,  and 
feeding  network.  The  advantages  of  such  antenna  systems  for  radar  technique  originate 
from  the  lack  of  any  mechanically  moved  parts.  This  allows  an  extremely  fast  beam 
scanning  and  thus  special  kinds  of  target  tracking.  The  enormous  costs  however  are 
a  disadvantage  of  auch  a  system. 

A  regular  array  with  a  radiation  pattern  of  small  beamwldth  for  a  surveil¬ 
lance-  or  target-tracking  radar  has  a  large  number  of  elements,  which  must  be 
arranged  at  ft-/2-dlstance  to  avoid  the  occurrence  of  grating  lobes,  also  in  case  of 
beam  scanning.  To  get  a  beamwldth  of  1°  it  is  neceasary  to  arrange  about  10000 
elements  on  an  aperture. 

By  "thinning"  the  array,  l.e.  by  distributing  only  a  few  elements  on  an 
extended  regular  grid  of  a  conventional  "filled"  array  one  can  considerably  reduce 
the  expense  without  loss  of  resolution,  l.e.  without  enlarging  the  beamwldth  of  the 
antenna.  Furthermore  a  decrease  of  the  rather  disturbing  effects  of  mutual  coupling 
can  be  expected.  A  disadvantage,  however,  results  from  the  thinning  by  a  loss  of 
gain  according  to  the  smaller  number  of  elements  and  an  increase  of  the  sidelobe 
level. 

So  far  no  methods  have  become  known  for  an  optimal  distribution  of  the 
elements  of  a  thinned  array  with  respect  to  the  radiation  pattern.  Only  for  small 
arrays  there  are  iterative  numerical  approximations  (Baklanov,  Y.V. ,  et  al.,  1962), 
(Skolnlk,  M.I.,  et  al.,  1964a).  with  larger  arrays  only  statistical  methods  can  be 
used,  naturally  yielding  only  statistical  information  of  the  expected  radiation 
pattern  (Lo,  Y.T. ,  1968),  (Lo,  Y.T. ,  1964),  (Willey,  R.E.,  1962),  (Skolnlk,  M.I., 
et  al.,  1964b). 

Statistically  thinned  antenna  arrays  (density  tapered  arrays)  will  now  be 
considered;  their  elements  are  distributed  on  a  A/2-grld.  First  a  survey  of  the 
well-known  statistical  relations  between  element  distribution  and  radiation  pattern 
of  such  antenna  arrays  is  given. 

Furthermore  the  energy  from  sldelobe  directions  and  problems  due  to  the 
digital  phase  shifters,  which  in  most  cases  are  used  for  such  arrays,  will  be 
treated.  Finally  a  discussion  of  arrays  with  a  modified  element  distribution  is 
presented.  These  arrays  have  a  minimum  distance  of  X  between  adjacent  elements, 
while  the  elements  are  distributed  on  a  X/2-grld.  Most  of  the  studies  will  be  done 
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with  linear  and  planar  arrays.  Only  tha  array  factor  resulting  from  tha  geometric 
distribution  of  tha  alamanta  will  ba  investigated.  Tha  influanea  of  mutual  coupling 
batwaan  tha  alamanta  will  ba  naglaetad. 


2.  MAIN  BE AM WIDTH  AND  SIDS LOBE  LEVEL 


Fig.  1  shows  an  arr.'y  whosa  alamanta  ara  arrangad  on  a  grid  in  tha  xy-plane 
of  a  Cartaaian  coordinate  system.  Tha  direction  of  tha  observed  point  ia  given  by 
tha  usually  used  angles  -./and  y>  of  a  spherical  coordinate  syatem.  Tha  sum  of  tha 
alamanta  in  tha  positions  v,f*  with  tha  amplitudes  lyuaad  tha  phases  depending  on 
tha  scan  angle  yields  tha  array  factor  ' 
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In  distributing  the  alamanta  of  statistically  thinned  arrays  one  generally  tries  to 
gat  a  good  approximation  of  tha  aperture  illumination  of  a  favourable  amplitude 
tapered  reference  array,  e.g.  tha  current  distribution  for  a  Dolph-Chebyshev  pattern. 
This  approximation  is  shown  in  fig.  2  using  a  linear  array  with  elements  distributed 
on  tha  x-axls.  The  current  distribution  of  the  reference  array  (solid  curve  in  fig.  2), 
referred  to  its  maximum  value,  la  taken  as  probability  of  placing  an  element  at  a 
grid  position.  The  probability  of  placing  an  element  at  poaitlon  s  is: 

fit  *  of  ‘Ip  ,  (2) 

where  <K  is  an  additional  thinning  factor,  responsible  for  the  average  number  W  of 
elements 

Jfm.  or  §  Ip  <3> 

in  the  array.  A  random  experiment  assigns  a  number  0<  Z?  <  1  to  each  grid  point  and 
an  antenna  element  with  amplitude  Ay  ■  1  if  Z,  Ap„.  Taking  a  sufficient  number  of 
element  distributions  generated  in  this  way  the  average  element  density  of  a  grid 
point  is: 


and  the  average  array  factor 
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equals  the  favourably  chosen  array  factor  of  the  reference  array. 

The  array  factor  of  thinned  arrays  has  been  studied  in  a  considerable  number 
of  papers  using  statistical  methods  (Skolnlk,  M.I.,  et  al.,  1904b),  (Lo,  Y.T. ,  1964), 
(Lo,  Y.T. ,  1968).  Thua  we  may  restrict  ourselves  to  the  more  Important  results. 

The  main  beamwldth  of  thinned  arrays  mainly  depends  on  the  geometric  dimensions 
of  the  array  and  much  less  on  the  chosen  reference  aperture  illumination,  ao  that 
it  can  be  determined  from  the  antenna  length  L  in  the  respective  plane  and  a  factor 
/$*!,  which  depends  on  the  reference  array: 

4a’/3 'Hi  *•’ 


The  directivity  of  regular  filled,  planar  arrays  can  be  calculated  under  certain 
conditions,  by  Integrating  over  the  array  factor  (Hansen,  B.C.,  1966).  For  large 
statistically  thinned  arrays  the  following  good  approximation  formula  for  the 
directivity  as  a  function  of  the  scan  angle  may  be  obtained: 
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As  an  exception 
are  considered. 
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C4f)  and  the  directivity  Dg  of  the  elements 
for  (7s)  to  apply  ia  that  the  single  element 


patterns  are  not  disturbed  by  mutual  coupling  effects.  At  high  thinning  (o(«7)  the 
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dependence  of  the  directivity  aa  a  function  of  the  aean  angle  and  the  element  dis¬ 
tribution,  repreaented  in  the  value  l^,,  the  directivity  of  the  uneeanned  reference 
array,  la  low  and  for  the  limiting  eaae  reaulta  ins 


whereaa  for  filled  arraya  (  o< 

la  valid. 


24“  •  c  *  (Jttft) 

1  ,Iy1)  the  well-known  relation 
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The  aideloba  level  ia  affected  by  both,  the  degree  of  tblnning  and  the 
poaltionlng  of  the  elements.  For  the  average  aldelobe  attenuation  we  obtain 
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and  for  a  high  degree  of  thinning  (««1),  equation  (8a)  la  aimplified  to  (8b) 


(8b) 


l.e.  tbs  average  aldelobe  attenuation  is  Inversely  proportional  to  the  number  ot 
remaining  elements.  For  practical  use  not  only  the  mean  value  of  the  array  factor  in 
the  aldelobe  region  but  also  ita  distribution  function  is  of  interest.  For  a  high 
degree  of  thinning  ( <*«f  )  apd  a  symmetric  reference  illumination  with  sufficiently 
high  aldelobe  attenuation  (|Mj«<r  )  the  well-known  Rayleigh  distribution  function  la 
obtained 
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with  a  non-dlrectional  variance 


(10) 


The  distribution  function  for  the  whole  aldelobe  region  ia  the  product  ot  discrete 
distribution  functions,  according  to  (9)  in  m  independent  directions: 
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A  considerable  disadvantage  of  thinned  arrays  compared  with  regular  amplitude 
tapered  arrays  is  the  small  aldelobe  attenuation.  Fig,  3  shows  as  an  example  the 
average  and  peak  aldelobe  level  for  thinned  circular  planar  arrays  with  diameter 
D  -  40  2.  .  According  to  (8b)  the  average  aldelobe  level  is  shown  as  a  function  of  the 
number  of  elements  in  the  arrays.  The  curve  above  shows  the  theoretical  limit  of  the 
maximum  aldelobe  attenuation,  which  can  be  realized  (Mattson,  B.,  1971),  (Andreasen, 
M.G.,  1962): 


(12) 


In  practice  the  peaks  ol  the  sldelobes  of  a  thinned  array  belong  to  the  hatched 
region  of  fig.  3.  According  to  (11)  the  probability  for  the  peaks  not  exceed  this 
region  is  99%  and  1%  in  the  opposite  direction.  Because  of  the  small  influence  of 
the  element  distribution  on  tbe  main  beamwldth  and  directivity  the  following  studies 
are  limited  to  the  sldelobe  region. 


3.  SIGNAL  ENERGY  FROM  SID8L0BB  DIRECTIONS 


Because  of  their  small  sldelobe  attenuation  thinned  arrays  are  considerably 
responsive  to  clutter  and  Interference  over  the  sldelobes.  In  the  following, 
therefore,  consideration  is  given  to  aigral  energy  received  from  aldelobes  of  thinned 
arrays,  l.e.  the  ratio  V  of  the  signal  energy  and  the  respective  value  in  the  main 
beam  direction  (Hies,  G. ,  SOntgerath,  W. ,  1973). 


It  is  known  that  the  array  factor  has  a  Rsylelgh-dlstributlon  in  the  sldelobe 
region.  If  the  facility  only  transmits  or  receives  (one  way  mode  of  propagation),  the 
signal  energy  from  the  sldelobe  directions  is  proportional  to  |M|2,  and  for  the 
distribution  function  we  obtain: 


y  -X 

=  f  p(/M/*) dim 3 -  i-e2** 


(13a) 
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(13b) 
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This  Is  the  average  sldelobe  level  according  to  (8b).  Fig.  4  shows,  according  to  , 
(13a),  the  theoretical  distribution  function  for  an  array  with  a  diameter  of  40 A- and 
500  elements.  The  curve  is  well  approximated  by  the  frequency  distribution  curve, 
also  shown  in  fig.  4,  which  has  been  found  for  such  an  array  by  classification  of 
calculated  values  of  attenuation  in  about  1000  Independent  sldelobe  directions. 


An  especially  critical  role  is  played  by  the  high  sldelobe  level  of  thinned 
arrays  in  case  of  radar  at  Intensive  disturbances  due  to  echo.  In  the  usual  case  of 
using  one  antenna  for  transmitting  and  receiving,  for  the  distribution  function  of 
the  signal  energy  from  sldelobe  regions  follows:  jp* 

(14a) 


i-e* 


with 


y-fe*, 


(14b) 


The  distribution  function  according  to  (14a)  and  a  respective  frequency  distribution 
curve,  calculated  from  experimental  data,  are  also  shown  in  fig.  4  and  agree  suffi¬ 
ciently  with  each  other. 


If  different  antennas  are  used  for  transmitting  and  receiving,  the  distribu¬ 
tion  function  of  the  signal  energy  from  the  sldelobe  directions  is: 


(15a) 


(15b) 


Ma,  Mg  and  Ns,  Ng  respectively  are  the  array  factors  and  numbers  of  elements  of  the 
transmitting  and  the  receiving  antenna.  Kj  is  the  modified  first  order  Bessel-func- 
tion  of  the  second  kind.  Compared  with  the  case  above,  where  the  same  antenna  was 
used  for  both  transmitting  and  receiving,  a  reduction  of  the  average  signal  energy 
of  3  dB  results  (Ng  -  N«  -  N),  if  the  correction  factors  in <9*,  0*  are  neglected, 
as  equations  (14b)  and  (15b)  show.  If,  however,  the  total  number  of  elements  is  not 
increased  and  Ng  -  Na  -  N/2,  the  average  signal  energy  is  enhanced  by  3  dB.  The 
distribution  function  according  to  (15a)  with  N*  ■  N-  -  250  elements  and  the  already 
Introduced  array  parameter  is  shown  in  fig.  4,  together  with  a  calculated  frequency 
distribution. 

As  a  summary  of  the  discussion  above  we  can  say  that  with  a  given  number  of 
elements  the  expected  average  signal  energy  from  the  sldelobe  directions  will  Just 
be  minimal  if  all  elements  are  used  for  transmitting  as  well  as  for  receiving. 
Distributing  the  available  elements  onto  two  separate  antennas  a  minimum  enhancement 
of  3  dB  is  obtained. 


4.  ARRAYS  WITH  BNLAR0XD  MINIMUM  KLIMENT  DI8TANCB 


The  elements  of  an  array  antenna  are  usually  distributed  on  a  %/2-grld,  so 
that  the  minimum  distance  of  adjacent  elements  is  X/2,  In  some  esses  a  larger  dis¬ 
tance  may  be  necessaryr  e.g.  if  elements  with  geometric  dimensions  greater  than 
X/2  are  used.  In  this  case  an  additional  condition  on  the  element  distribution  at 
the  V3-grld  has  to  be  introduced,  which  guarantees  a  minimum  element  distance  of 
one  wavelength.  The  influence  of  this  additional  requirement  on  the  array  factor 
will  be  diaeussed  below.  This  method  of  thinning  does  not  lead  to  grating  lobes. 
However,  an  increase  of  tbs  sldelobe  level  cannot  be  avoided  in  the  direction  in 
which  grating  lobes  in  not  thinned  arrays  with  A. -element  distance  would  appear. 

Fig.  5  shows  the  array  faotor  of  an  array  modified  accordingly.  The  sldelobe  level 
is  raised  in  the  region  (u-u0)*V' i.e.  4^*900. 

For  the  theoretical  investigation  of  thinned  arrays  with  enlarged  minimum 
element  distance  the  same  statistical  methods  are  used,  as  described  above.  To  get 
a  simplification  of  the  problem  linear  arrays  are  Investigated.  The  distribution  of 
the  elements  is  done  by  the  already  known  random  experiment,  taking  into  account, 
however,  the  additional  condition  of  a  minimum  eleawnt  distance  of\ .  To  get  in 
tbe  mean  the  given  exitatlon  for  eaeb  position  according  to  equation  (2)  the  initial 
probability  for  tbe  random  experiment  mus£  be  modified  to: 


Pf 
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Real  and  imaginary  components  of  the  array  factor  ara  asymptotically  normally  dis- 
tributsd.  In  tbla  special  case  the  variances  depend  upon  the  direction  (u-u0).  Ve 
obtain  for  those  variances  in  the  aldelobe  region  (Rles,  0.,  Sdntgerath,  V,,  1972): 
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For  a  high  degree  of  thinning,  the  part  in  (17)  depending  on  the  direction  vanishes 
and  equation  (17)  is  reduced  to  (10).  As  an  example  fig.  6  shows  the  variance  for 
different  degrees  of  thinning  of  a  llnoar  array  with  101  grid  positions  and  a  refer¬ 
ence  exitation  according  to  Dolph-Chebyshev.  Also  shown  is  the  respective  mean  value 
of  8^ equalling  the  variance  according  to  (10),  l.e.  no  dependence  on  the  direction 
for  arrays  without  additional  requirement.  Thus,  a't  a  high  degree  of  thinning,  G* 
remains  almost  constant  over  (u-u0),  whereas  at  a  lower  degree  a  considerable  raise 
towards  (u-u0)?*tf'  results.  For  (u-u0)  »  T  the  Imaginary  component  of  the  array 
factor  vanishes.  The  real  component  is  normally  distributed  in  this  direction  and 
its  variance  -  by  a  factor  2  -  greater  than  the  variance,  resulting  from  (17)  with 
(u-u  )  m9r  .  The  variance  which  has  been  calculated  by  numerical  computer  experiments, 
is  also  shown  in  fig.  6  for  N  -  25  and  a  sample  size  of  300  different  arrays  and  is 
quite  close  to  the  theoretical  function  resulting  from  (17). 

Under  the  assumption  of  a  favourably  chosen  reference  exitation  (  0 ~»/Mj)  the 
bivariate  normal  distribution  of  the  array  factor  can  in  this  case  also  be  trans¬ 
formed  into  a  Raylelgh-distribution  according  to  (9),  and  for  the  total  distribution 
function  resulting  from  the  product  of  the  respective  discrete  distribution  functions 
from  all  independent  directions  m  we  obtain: 

M  Mi 

P(itil*M)  *JT0  [i-e  *"*<">*)]  ( is) 


Fig,  7  shows  the  frequency  distribution  curve  of  the  minimum  sidelobe  attenuation 
for  the  whole  sidelobe  region,  calculated  from  the  array  factors  of  400  different 
arrays  with  a  minimum  element  distance  of  X  .  It  Is  a  good  approximation  of  the 
distribution  function  resulting  from  (18).  To  have  a  comparison,  the  distribution 
function  according  to  (11)  is  also  shown.  An  extension  of  the  theory  to  planar 
arrays  is  done  approximately  in  (Rles,  0.,  Sdntgeratb,  W. ,  1972). 


9.  EFFECTS  DUE  TO  PHASE  QUANTIZATION 


Additional  changes  -  especially  in  the  sidelobe  region  -  result  from  the  phase 
steering.  Phase  steering  by  digital  phase  shifters  leads  to  maximum  phase  errors 


<19> 

where  b  is  the  number  of  bits  of  the  phase  shifter.  These  errors  must  be  taken  Into 
account  with  respect  to  equation  (1).  A  phase  error  with  a  saw-tooth  shaped  changing 
over  the  array  (fig.  8a)  reaultlng  from  electronic  pattern  scanning  with  simple  phase 
computers,  leads,  also  for  thinned  arrays,  to  the  well-known  quantization  lobes 
(Cheston,  T.C.,  Frank,  I.,  1988)  with  the  following  amplitudes: 


and  positions: 


cx~  2*  -de 


d&o 


(20a) 

(20b) 


Fig.  9  shows  a  calculated  example  together  with  the  theoretical  positions  and  ampli¬ 
tudes  of  the  quantisation  lobes  according  to  (20a, b).  Means  to  reduce  such  pattern 
disturbances  have  also  been  suggested  (Miller,  C.J.,  1904).  By  superposing  a  random 
phase  error  one  has  the  possibility  of  varying  the  resulting  phase  error,  equally 
distributed  in  a  limited  region,  about  the  nominal  phase,  as  sketched  in  fig.  8b. 

Here  ve  shall  show  the  resulting  rest  effects  (Ries,  0.,  Sdntgeratb,  V,,  1970).  The 
respective  phase  control  should  be  a  random  choice,  so  that  the  phase  errors  of  all 
elements  are  mutually  independent  and,  with  frequent  repetition  equally  distributed  - 
region  -  about  the  nominal  phase.  The  array  factor  of  the  array  above 

with  such  a  phase  shape  is  also  shown  In  fig.  9. 

For  a  large  number  of  statistically  chosen  phases  of  an  array  the  Central 
Limit  Theorem  guarantees  a  bivariate  normal  distribution  of  the  array  factor.  The 
average  array  factor  equals  the  array  factor  in  case  of  the  nominal  phase  M©,  with 
the  exception  of  a  constant  factor 


(21) 


The  variances  of  the  real  and  imaginary  parts  of  th®  array  factor  are  approximately 
equal  to  ^ 

y  (22) 


whereas  the  covariance  can  be  neglected,  so  that  a  Rlce-dlstrlbutlon  results.  In  the 
interesting  case  of  sidelobe  peaks  approximately  a  one  dimensional  normal 


distribution  results: 
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The  standardised  distribution  function  according  to  (23)  is  shown  in  fig.  10.  Also 
shown  is  the  respective  frequency  distribution.  Ad  hoc  the  array  factor  of  a  tblnned 
array  has  been  calculated  in  one  direction  with  400  different  statistically  distri¬ 
buted  phase  errors.  The  theoretical  mean  value  from  (21)  was  0.3690  and  0.3711  from 
400  trials. 

Because  of  the  already  high  sidelobus  the  phase  shifter  digitizing  effects 
together  with  a  statistical  additional  phase  are  very  small.  This  is  different  in 
case  of  filled  arrays.  In  spite  of  an  extremely  high  sidelobe  attenuation  in  case 
of  nominal  phase,  the  average  attenuation  of  these  statistically  distributed  side- 
lobes  caused  by  quantization  amounts  only  to  the  double  of  the  variance  according 
to  (22),  l.e.  near  43  dB  for  an  array  with  1000  elements  and  3-blt  phase  shifters. 
This  effect  should  always  be  taken  into  account  to  avoid  a  too  negative  Judgement 
on  thinned  arrays  because  of  their  high  sldelobes.  For  the  array  above  the  average 
sidelobe  attenuation  Is,  according  to  (8b),  30  dB. 

The  Influence  of  the  investigated  phase  behaviour  on  the  main  beam,  results 
in  a  directivity  reduction  and  a  beam  pointing  error  (Rles,  G. ,  1970).  This  effect 
is  small  and  has  not  been  dealt  with  in  this  paper. 
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Fig.4  Distribution  functions  and  frequency  distribution  of  the  signal  energy 
from  sidelobe  directions 


Fig.6  Variance  of  the  sidelobe  level  of  linear  arrays  with  enlarged  element  distance 


Fig.7  Distribution  function  and  frequency  distribution  of  the  minimum  sidelobe 
attenuation  of  linear  arrays  (Rayleigh  distribution) 


Fig.9  Array  factor  in  the  plane  <p  =  0  with  (a)  periodic  phase  errors  (Fig.8(a)  and  (b) 
irregular  phase  errors  (Fig.8(b».  Array  lengths  projected  on  the  X-axis: 

50X  ,  N  =  644  random  distributed  elements.) 


Fig.  10  Distribution  function  and  frequency  distribution  of  the  difference  between  the 
sidelobe  level  and  its  mean  value  (Normal  distribution) 
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SUMMARY 

Building  antennas  into  an  aircraft  ia  frequently  optimized  by  electroMgnetii  modeling.  Navarthelaaa 
official  regiatration  will  dapand  on  proving  a  certain  coveraga  by  in-flight  aaaauremanta  of  radiation 
patterna  from  the  actual  aircraft.  Moreover  if  additional  antennaa  have  to  be  attached  to  an  aircraft  later 
on,  in-flight  radiation  maaeuremanta  might  be  a  more  economical  eolution. 

This  paper  deala  with  an  in-flight  maaauritig  ayatem  which  ia  completely  independent  from  ground- 
baaed  poaition  finding  equipment  like  radar  and  kina  thaodolitea.  The  Maturing  method  ia  baaed  on  VOR 
(Vary  High  Frequency  Omnidirectional  Range  Syatam)  and  DME  (Diatance  Measuring  EquipMnt)  information  ob¬ 
tained  on  board  the  aircraft.  Thia  information  ia  te lame tare?  together  with  the~other  neceaaary  parameters 
like  heading,  altitude,  pitch  and  roll  angles.  These  parameters  are  used  to  calculate  the  aspect  angle  and 
the  diatanca  of  the  aircraft  from  tha  ground  baaed  field  intensity  measuring  device. 

Real  timt  calculation  ia  done  on  a  digital  computer.  The  computer  output  supplies  aspect  angle  and 
distance  corrected  field  intensity  as  well  as  flight-path  parameters  in  analog  voltages  for  graphic  pre¬ 
sentation. 

After  a  detailed  description  of  the  measuring  Mthod  and  system  some  examples  of  measured  patterns 
arc  shown.  In  addition  the  magnitude  of  possible  errors  in  the  plotted  radiation  patterna  are  discussed. 


INTRODUCTION 

Antenna  radiation  patterns  are  normally  measured  in  a  teat  range,  where  the  antenna  under  test  can 
be  rotated  in  two  planes  simultaneously .  Thus  a  coverage  of  the  whole  sphere  is  achieved.  Attached  to  an 
aircraft  movements  of  the  antenna  are  restricted  to  possible  maneuvers  of  the  aircraft.  Horisontal  patterns 
can  be  caught  by  flying  the  aircraft  on  a  horisontal  circle.  If  the  circle  is  flown  with  different  angles 
of  roll,  radiation  patterns  in  the  corresponding  inclined  planes  through  the  aircraft's  roll  sxis  are 
caught.  If  the  antenna  under  test  is  acting  as  a  transmitter,  a  receiving  antenna  has  to  be  located  in  the 
plane  of  the  circle  flown.  In  flat  country  this  requireMnt  cannot  exactly  be  met  with  a  ground  based  re¬ 
ceiving  antenna.  But  a  distance  of  AO  km  between  flight  path  and  receiver  results  in  a  deviation  of  only 
a  few  degrees.  Vertical  patterns  are  achieved  by  flying  across  the  receiving  antenna.  These  patterns  are 
normally  restricted  to  a  range  of  180°  (below  the  fuselage  of  the  aircraft)  and  may  be  slightly  extended 
by  the  maximum  allowable  in-flight  angle  of  pitch  of  the  aircraft. 

As  will  be  shown  later  on,  the  locating  of  tha  aircraft  must  permanently  be  known  during  radiation 
pattern  recording.  VOR/DME  is  a  well  known  position  finding  system  installed  in  almost  every  wall-equipped 
civil  aircraft.  On  board  the  aircraft  this  system  measures  the  angle  0  between  the  north  direction  and  the 
line  aircraf t-VORTAC  station  (TAC  for  TACtical  air  navigation  system,  the  distance  Manuring  part  of  which 
is  used)  as  well  as  the  distance  p  from  aircraft  to  station  (Figure  1).  This  equipment  has  been  choosen 
because  an  available  radar  set  did  not  suffice  in  range  and  the  VOR/DME  equipMnt  is  much  less  sophisticated. 

In  the  VOR  part  of  this  navigation  system  angle  information  it  obtained  by  amplitude  modulating  a 
VHP  carrier  (108  -  118  MHz)  with  a  30  Hz  signal.  The  phase  of  this  signal  depends  on  the  azimuth  angle  6. 
Reference  phase  is  transmitted  by  an  additional  10  kHz  subcarrier,  which  is  frequency  modulated  by  30  Hs. 

In  the  DME  part  the  distance  from  aircraft  to  VORTAC-station  is  Matured  by  the  travel  time  of  3.3  ps  double 
pulses  with  a  pulse  distance  of  !2  us  modulating  a  UHF  carrier  in  the  962  to  1213  MHz  band.  The  responding 
frequency  has  a  64  MHz  offset  (Reference  III). 


HORIZONTAL  PATTERN  ANGLE  OF  ASPECT 

The  horizontal  radiation  pattern  of  an  aircraft  antenna  is  the  radiation  Intensity  versus  the  angle 
of  aspect  9  in  Figure  1 .  ♦  is  the  angle  between  the  axis  of  roll  of  the  aircraft  and  the  axis  of  sight  d, 
if  the  radiation  intensity  is  Masured  at  test  point  M.  Several  other  paraMters  denoted  in  Figure  1  are 
needed  to  determine  4.  The  angle  of  heading  i|>  oriented  to  north  is  normally  derived  from  a  gyro  system  on 
board  the  aircraft.  The  angle  6  is  delivered  by  the  VOR  equipMnt.  Determining  the  distance  e  from  test 
point  M  and  VORTAC  station  as  well  as  angle  a  is  a  problem  qf  geodesy  if  the  geographical  coordinates  of 
point  M  and  the  VORTAC  station  are  known.  The  distance  d  between  aircraft  and  test  point  M  results  from 
application  of  cosine  law  to  Figure  1 

(1)  d*  ■  p*  *  e*  -  2pe  cos(o-6) 

The  angle  Y  can  be  derived  by  applying  sine  law  to  Figure  I 


(2) 


Y  *  arc  sin  [ (sin(a-6))s/d } 
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Now  tha  angle  of  atpact  ♦  la  dacarmlnad  by  tha  following  ralationahlp 

(3)  «  -  180°  -  (y-e)  -  * 

As  haa  bean  ahown  in  Refaranca  (2|  thia  angle  of  aapact  must  be  corrected  if  tha  angle  of  roll  of 
tha  aircraft  exceeds  certain  limits.  The  reaaon  ia  that  the  anglo  of  aapact  must  be  determined  in  an  air¬ 
craft  oriented  co-ordinate  aystea  while  angles  of  heading  and  VOR  are  expressed  in  a  ground  based  co¬ 
ordinate  system*  If  $  ia  computed  by  Eq  (3)  and  the  angle  of  roll  is  denoted  by  e  the  corrected  angle  of 
aspect  is 

(4)  »  arc  cos  ^  (coat)/  ^ l-(sin»  sin*)2  ) 

Up  to  an  angle  9  of  20°  the  angle  of  aspect  is  in  error  by  less  than  2°.  With  larger  angles  of  roll 
correction  becomes  inevitable  as  is  shown  by  Figure  2. 

Due  to  the  altitude  h  of  the  aircraft  the  distances  p  and  d.in  Figure  I  are  slant  ranges.  This  must 
be  taken  into  account  in  Eq  (1)  end  (2)  for  values  of  p  and  d  <  h  /0.2  km  if  the  maximum  error  is  to  be 
<0.1  km. 

The  flight  path  in  Figure  I  need  not  be  a  circle.  Any  flight  path  with  constant  altitude  is  possible. 
The  only  condition  is  that  the  aircraft  must  fly  a  complete  360°  turn. 


VERTICAL  PATTERN  ANGLE  OF  ASPECT 


The  vertical  radiation  pattern  of  an  aircraft  antenna  is  the  radiation  intensity  versus  the  angle  of 
aspect  8  measured  between  tha  axis  of  roll  and  the  axis  of  sight  d  with  respect  to  test  point  M  in  Figure  3. 
Again  some  sure  parameters  are  needed  for  computing  6.  The  angle  of  pitch  6  is  measured  between  the  axis 
of  roll  and  a  horizontal  line  and  is  derived  on  board  the  aircraft  from  a  vertical  gyro. 


The  altitude  h  is  computed  from  static  pressure  p,  ,  which  is  also  measured  on  board  the  aircraft. 

Denoting  static  ground  pressure  by  p  and  the  absolute  ground  temperature  by  T  h  becomes  (Reference  ( 3 ] ) 

o  o 


(5) 


„  1,1.  /Ph\0-,9M 

"  6.5  To  I1-  Ip) 


km 


The  distances  p  and  e  have  already  been  mentioned  in  the  horizontal  pattern  description.  The  distance 
a  in  Figure  3  is  given  by 


(6) 


h2  -  e 


and  the  angle  c  becomes 

(7)  C  “  arc  tan  (a/h) 

Now  the  aspect  angle  8  is  simply 

(8)  8  -  90°  ♦  5  -  C 

The  distance  d  between  aircraft  and  test  point  M  is  also  needed  for  correction  of  field  intensity 

no)  d  -  yV  ♦  a2 


MEASUREMENT  OF  FIELD  INTENSITY 

The  field  intensity  measured  at  point  M  in  Figures  I  and  3  depends  on  the  transmitter  power  on  board 
the  aircraft,  the  aircraft  antenna  radiation  pattern,  the  distance  d,  the  ground  reflections,  the  radiation 
pattern  of  the  field-intensity  test  antenna  and  tha  polarization  efficiency  of  the  link.  The  radiation 

pattern  of  the  aircraft  antenna  is  the  only  desired  parameter.  All  other  parameters  have  to  be  made  in¬ 

effective  or  compensated. 

Tbs  transmitter  power  on  board  the  aircraft  can  be  kept  constant  by  a  stabilized  power  supply. 

Variations  in  distance  d  are  corrected  by  the  link  attenuation  factor  D 

(11)  D  -  20  log  (  jjj) 

For  recording  of  horizontal  patterns  in  the  VHF  range  ground  reflections  are  taken  into  account  by 
operating  tha  test  antenna  in  the  "ground  reflection"  mode  (Reference  141).  This  means,  that  the  radiation 
pattern  of  the  test  antenna  mounted  a  small  distance  above  ground  consists  of  a  series  of  lobes  in  the 

vertical  plane  due  to  interferences  between  the  direct  ray  and  ground  reflected  rays.  The  antenna  height 

above  ground  must  be  adjusted  to  that  nulls  are  avoided  in  the  area  of  the  elevation  angle  in  question. 

In  the  UHF  range  the  directivity  of  the  test  antennas  can  easily  be  increased  avoiding  interfering  re¬ 
flections.  For  the  measurement  of  vertical  patterns  steerable  antennas  with  high  directivity  are  preferred 
because  the  elevation  angle  has  to  cover  a  range  of  nearly  180°  without  nulls.  Another  approach  mainly 
applied  to  low  frequencies  is  a  dipol  close  to  the  reflecting  ground.  In  this  case  the  received  signal  has 
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to  be  corrected  by  the  radiation  pattern  of  the  receiving  antenna. 

Aircraft  antenna*  are  normally  polariaed  vertically  or  horizontally.  Variation*  in  angle  of  roll 
of  the  aircraft  will  causa  variations  in  polarisation  angle  at  th*  receiving  station.  If  a  linaarly  po¬ 
larised  receiving  antenna  is  used,  the  correction  factor  k  in  received  power  depends  on  angle  of  roll  <f 
and  corrected  angle  of  aspect  *c  (Reference  |2|) 

2  2 

(12)  k  -  cos  9  +  (sin$c  sine) 

A  more  convenient  method  is  to  use  a  circularly  polarised  ground  antenna.  No  correction  is  needed 
if  exact  circular  polarisation  can  be  achieved.  The  short  helical  antenna  shown  in  Figure  4  achieves  an 
axial  ratio  of  1  if  a  conducting  disc  is  arranged  at  the  free  end  of  the  helix.  Without  disc  the  axial 
ratio  of  this  antenna  falls  below  0.6.  A  more  detailed  description  is  given  in  Reference  (5). 


INSTALLATION  OF  THE  MEASURING  SYSTEM 

With  one  exception  all  parameters  in  this  system  are  obtained  on  board  the  aircraft.  To  process  this 
information  on  ground  and  to  synchronize  the  on-board  derived  data  with  the  ground-measured  field  intensity 
a  telemetry  system  must  be  used.  Normally  the  required  accuracy  of  less  than  I  Z  error  in  some  channels 
would  have  led  to  a  PCM  system.  On  the  other  hand  much  cost  could  be  saved  using  an  available  IRIG  telemetry 
system  (Reference  !6j)  with  proportional-bandwidth  PM  subcarrier  channels.  The  accuracy  problem  has  been 
solved  by  splitting  up  signals  with  allowable  errors  below  I  Z  into  a  coarse  and  a  fine  component.  A  dis¬ 
advantage  of  the  coarse-fine  transmission  is  the  large  required  bandwidth  due  to  the  steps  occuring  in  the 
coarse  and  fine  channel  simultaneously,  when  the  fine  channel  falls  from  maximum  deflection  to  zero  or  vice 
versa. 


The  complete  airborne  system  is  shown  in  Figure  5.  It  consists  of  the  necessary  transducers  and 
transducer  systems,  the  coarse-fine  splitting  and  eignal-conditioning  circuits  matching  the  transducer 
outputs  (potentiometers  for  pitch,  roll  and  altitude,  voltages  for  DME  and  synchros  for  heading  and  VOR) 
to  the  inputs  of  the  voltage  controlled  frequency  modulated  subcarrier  oscillators  (VCO).  The  VCO  outputs 
are  now  mixed  and  the  composite  signal  frequency  modulates  the  telemetry  transmitter.  Transmission  is 
possible  in  the  VHF  and  UHF  telemetry  bands.  Small  airborne  transmitters  exciting  the  antennas  under  test 
in  question  have  been  built.  They  are  covering  the  frequency  ranges  of  currently  installed  radio  aids  in 
civil  and  military  aircraft. 

3 

Though  the  whole  airborne  system  including  VOR  and  DME  is  constructed  as  a  black  box  (Size  0.3  m  , 
weight  75  kg,  power  consumption  300  VA)  the  aircraft's  VOR  and  DME  antennas  are  needed  and  a  telemetry 
antenna  must  be  installed.  If  the  radiation  pattern  of  the  VOR  antenna  itself  has  to  be  measured,  this  an¬ 
tenna  can  be  excited  via  diplex  equipment  at  the  same  time.  Moreover  this  diplexer  operates  the  VOR  system 
in  the  cockpit  of  the  aircraft  if  the  VOR  antenna  is  not  excited.  During  pattern  recording  of  the  DME  an¬ 
tenna  the  DME  equipment  can  be  switched  to  the  secondary  radar  transponder,  which  has  to  be  turned  off. 

During  the  measurement  of  radiation  patterns  the  aircraft's  own  DME  equipment  is  inoperable  if  it  is  equipped 
with  only  one  DME  antenna. 

In  the  ground  station  (Figure  6)  the  received  telemetry  signal  is  heterodyned  down  to  a  low  inter¬ 
mediate  frequency,  that  can  be  directly  recorded  on  magnetic  tape  (predetection  recording)  parallel  with 
the  field-intensity  signal.  So  all  information  is  stored  even  if  the  equipment  fails  in  the  subsequent 
part  of  the  system.  After  demodulation  of  the  radio  frequency  carrier  the  individual  aubcarriers  in  the 
composite  signal  are  separated  and  demodulated  by  the  subcarrier  discriminators.  The  outputs  of  the  dis¬ 
criminators  as  wall  as  tha  output  of  tha  field-intensity  meter  are  sampled  by  a  commutator  and  digitized 
by  a  PAM  to  PCM  converter  10  times  par  second  each.  Th*  composite  subcarrier  signal,  the  PAM  pulse  train 
at  th*  commutator  output  and  thf  field-intensity  signal  are  recorded  on  a  second  magnetic  tape  recorder 
(postdetaction  recording)  for  reproduction  purposes  of  th*  measurement  results. 

All  digitised  data  is  transferred  to  a  computer.  First  of  all  the  coarse-fine  channels  are  recombined. 
Then  th*  horisontel  angle  of  aspect  6  is  computed  30  timet  per  second  according  to  Eq  (I),  (2)  and  (3)  or 
th*  vertical  angle  of  aspect  6  according  to  Eq  (5),  (6),  (7)  and  (8).  Furthermore  the  above  mentioned 
corrections  are  made  in  accordance  with  Eq  (4),  (10)  and  (II).  Limit  exceedances  for  instance  in  angle  of 
roll  or  pitch,  are  checked  and  printed  out.  Finally  flight-path  and  radiation-pattern  information  which  are 
present  in  polar  co-ordinatae  are  transformed  to  Cartesian  co-ordinates  by  th*  computer.  After  digital  to 
analog  conversion  real  time  recording  of  radiation  pattern  and  flight  path  is  don*  by  two  analog  x-y-recor- 
ders.  Each  x-  and  y-output  parameter  is  calculated  30  times  per  second. 


ERRORS  OF  THE  SYSTEM 

The  measured  radiation  intensity  is  normalised  to  its  maximum  value.  Recording  of  on*  pettern  will 
last  only  a  short  period  of  time.  Therefore  th*  gain  stability  of  the  field  intensity  measuring  device  in¬ 
cluding  exciter  transmitter  is  not  critical.  Th*  mein  errors  are  caused  by  th*  amplitude  characteristic 
of  the  logarithmic  amplifier,  which  is  apscified  to  ♦  1.5  dB  error  over  a  full  rang*  of  70  dB. 

In  horisontel  pattern  recording  angle  of  aspect  error*  are  caused  by  different  influence*.  Errors 
in  angle  of  heading  will  fully  enter  into  th*  aspect  angle  6.  They  can  be  kept  below  1°  if  an  airline  qua¬ 
lity  gyro  i*  used.  VOR/DME  errors  in  the  order  of  ♦  3°  or  0.2  km  enter  into  th*  aapect  angle  to  a  degree, 
which  depends  on  th*  position  of  th*  aircraft  compared  to  th*  VORTAC  station  in  question  and  to  th*  measur¬ 
ing  point  M  in  Figure  I.  Optimum  condition*  are  achieved,  if  the  points  M,  VORTAC  and  aircraft  position  in 
Figure  I  are  shaping  a  right  triangle  with  th*  right  angle  at  the  aircraft's  position.  Then  a  very  small 
DME  error  of  only  0.3°  (at  d  ■  40  km)  enters  into  th*  angle  of  aspect.  Under  this  condition  th*  VOR  error 
primarily  enter*  into  distance  d  only  with  a  value  <  ♦  I .5  km  if  p  <  30  km.  Under  these  circumstances  the 
error  in  distance  correction  of  field  intensity  remains  <0.3  dB. 
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When  vertical  patterns  are  recorded  the  error  in  angle  of  pitch  fully  enters  into  the  angle  of 
aspect  0.  It  is  caused  by  the  vertical  gyro  and  can  be  kept  well  belov  1°.  Errors  in  altitude  h  and  distance 
p  measured  by  DME  are  more  severe.  After  Figure  7  the  error  in  angle  of  aspect  depends  of  0  and  becomes  at 
most  1.2  ,  if  an  altitude  of  6  km  is  measure^  with  an  error  of  0.2  km,  which  is  realistic.  Under  the  same 
altitude  condition  a  maximum  error  of  A0  ■  2°  results  from  e  DME  error  of  Ap  ■  0.2  km  (Figure  8).  Fortunate¬ 
ly  the  maximum  errors  caused  by  inaccurate  altitude  and  distance  measurements  do  not  occur  at  the  asms 
angle  6. 


MEASUREMENT  RESULTS 

In  Figure  9  the  measured  horisontal  radiation  pattern  of  a  UHF  telemetry  antenna  is  shown,  consisting 
of  a  one-quarter  wavelength  rod  attached  to  the  lower  side  of  the  fuselage  of  a  small  aircraft  (Piaggio 
P  149  0).  The  exciting  frequency  has  been  1.475  GHs.  Variations  in  radiation  intensity  over  a  range  of 
10  dB  can  be  observed.  In  Figure  10  the  pattern  of  the  same  antenne  is  given  measured  during  a  left  turn 
of  the  aircraft  with  a  roll  angle  of  20°.  In  this  case  the  variations  in  radiation  pattern  are  up  to  30  dB, 
mainly  caused  by  reflexions  from  the  aircraft's  wings. 
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Figure  1:  Determination  of  horizontal  angle  of  aspect  * 


0  20  40  60  <P“—  100* 

Figure  2:  Error  A*  in  angle  of  aspect  caused  by  angle  of  roll  f 


Figure  3: 


Determination  of  vertical  angle  of  aspect  9 
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Leitscheibe 


Figure  5: 


Airborne  part  of  the  measuring  system  (VCO  numbers  indicating 
IRIG-subcarrier  channel  numbers) 


9:  Horizontal  radiation  pattern  of  a  UHF-telemetry  antenna 

angle  of  roll  9  =  0° 


10! 


Horizontal  radiation  pattern  of  a  UHF-telemetry  antenna 


35-9 


DISCUSSION 


R.H.J.  CARY;  I  notice  in  Fig.  b  a  10dB  difference  in  one  side  end  the  other  at  some 
angle el  T  conment  that  apparent  differences  are  often  unpredicted  and  difficult  to  explain. 

How  do  you  ascertain  the  gain  or  efficiency  of  the  antenna.  Do  you  solve  this  using 
the  propagation  equation? 

H.  BOTHE:  In  this  case  these  differences  can  be  caused  by  an  asymmetrical  mounting  of  the 
L-Band  telemetry  antenna  under  test  to  the  lower  side  of  the  fuselage.  Besides  that,  some 
other  antennas  near  the  antenna  under  teat  probably  Influence  the  radiation  pattern. 

The  gain  or  efficiency  is  not  measured.  We  only  measure  the  relative  radiation 
characteristics. 


DYNAMIC  MEASUREMENT  OF  AVIONIC  ANTENNAS 


I.D.  OLIN 
E.  E.  Maine,  Jr. 

U.S.  Naval  Research  Laboratory 
Washington,  D.C.,  20375,  USA 


SUMMARY 

The  equipment,  data  handling,  flight  control  and  some  of  the  results  obtained  with  a  system  specifi¬ 
cally  designed  for  dynamic  measurements  is  described.  The  determination  of  aircraft  aspect  angle  uses  an 
approach  based  on  measurements  made  at  the  ground  radar  site  with  the  aircraft  flying  straight-line  courses. 
Than  making  certain  assumptions  regarding  flight  attituda,  a  proper  coordinate  transformation  can  be  effect¬ 
ed  and  principal  plane  measurements  plotted.  The  antenna  aignal  source  is  provided  by  a  delayed  beacon 
triggered  by  an  Illuminating  radar  and  driving  the  antenna  under  tests.  To  Illustrate  the  reaulta  patterns 
for  a  X-band  installation  are  shown.  Coverage  can  be  provided  for  an  azimuth  profile  from  noaa-on  (0*)  to 
tail-on  (180*)  and  for  an  elevation  profile  beam  0°  to  30*  below  the  aircraft  for  fixed  azimuth  aspects  of 
nose-on  and  tall-on.  Angle  accuracy  is  ±2  degrees  and  the  accuracy  of  antenna  gain  measurements  is  estima¬ 
ted  to  be  ±2  dB. 


1.  INTRODUCTION 

Techniques  for  the  measurement  of  antenna  characteristics  are  well  known  but  often  the  reaulta  de¬ 
scribe  an  idealized  performance,  especially  with  regard  to  the  Installation  environment.  In  the  case  of 
avionic  antennas  factors  such  as  ground  planes,  coupling  with  other  antennas  and  blockage  by  the  aircraft 
structure  itself  all  Introduce  variations  to  the  original  design  performance.  Measurements  of  antenna  char¬ 
acteristics  in  situ  has  been  described  elsewhere,  (SCHMITT,  O.H.,  1947;  SINCLAIR,  C. ,  1947),  but  has  involved 
large  scale  model  ranges  in  connection  with  missile  vehicles  or  only  effectively  modeled  portions  of  the  air¬ 
craft  structure.  Dynamic  measurement  of  in-flight  aircraft,  although  offering  a  means  to  Include  all  the 
appropriate  environmental  effects,  has  not  been  widely  used,  probably  because  of  the  somewhat  inflexible  an¬ 
gular  coverage,  difficulties  in  defining  the  measurement  angles  and  in  maintaining  suitable  calibration. 
Nonetheless,  dynamic  measurements  properly  executed  can  provide  the  final  confirmation  of  antenna  performance 
and  are,  therefore,  an  Important  adjunct  to  the  conventional  measurement  procedures  used  in  design. 

Since  1963  the  U.S.  Naval  Research  Laboratory  has  operated  a  dynamic  measurement  facility  utilising 
radar  equipment  and  procedures  of  original  design.  Initially  Intended  for  measurement  of  radar  cross  section 
(RCS)  of  in-flight  aircraft,  subsequent  changes  and  additions  hava  extandad  this  capability  to  provide  simul¬ 
taneous  measurement  of  both  RCS  and  avionic  antenna  patterns.  In  this  paper  the  techniques  and  approaches 
which  are  currently  being  used  will  be  presented  and  some  illustrations  of  the  results  shown.  Generally  the 
work  Involves  four  main  areas  of  concern:  (1)  multi-band  radar  equipment  of  wide  dynamic  range  and  good  sta¬ 
bility,  (2)  antenna  aignal  sources  and  calibration  for  both  the  test  antenna  and  tha  radar  equlpmant,  (3) 
control  and  determination  of  aircraft  aspect  angles,  (4)  efficient  data  handling. 


2.  EQUIPMENT 

Equlpmant  Includes  the  antennas,  transmitters,  racalvers  and  data  racordars  required  to  measure  antenna 
patterns  as  well  as  RCS.  Measurements  can  ba  conducted  in  four  bands:  L,  S,  C,  X  corresponding  to  22  cti, 

10  cm,  3  cm  and  3  cm  ranges,  respectively.  In  the  case  of  RCS,  measurenents  are  generally  conducted  in  all 
bands  simultaneously.  When  antenna  pattern  measurements  are  made  these  hava  bean  confined  to  one  of  tha 
banas  using  an  aircraft  instilled  beacon  driving  the  antenna  and  following  a  fixed  delay  period  triggered 
by  the  illuminating  radar  beam.  Under  these  conditions  RCS  snd  pattern  measurements  can  ba  performed  to¬ 
gether. 

The  approach  followed  'n  the  ground  system  design  was  to  usa  conventional  pulsed  magnetron  transmit¬ 
ters  driving  polarisation  flexible  antennas  together  with  receivers  of  high  stability  and  wlda  dynamic 
range.  Data  recording  of  the  several  channels  is  by  means  of  digital  magnetic  tape  which  is  subsequently 
reformatted  for  computer  processing.  In  determining  aircraft  aspect  angle,  an  approach  based  on  in-flight 
recording  of  aircraft  attitude  was  rejected  due  to  cost  and  installation  time  in  favor  of  measurements 
made  at  the  ground  site  with  tha  aircraft  flying  straight— line  courses. 

A  photograph  of  the  ground  slta  is  shown  in  Fig.  1  with  the  principal  components  noted.  Table  I  in¬ 
dicates  some  of  the  basic  system  characteristics.  The  current  system,  Installed  at  the  Chesapeake  Bay 
Division  of  NRL,  represents  considerable  improvement  over  the  one  described  earlier,  (OLIN,  T.O.,  1965). 

In  operation  ell  transmitters  are  pulsed  simultaneously  with  the  L-and  8-band  system  using  coaxlsl  fsads 
operating  into  a  single  eight-foot  dloaater  reflector  and  tha  C-and  X-band  systems  using  separate  48 -and 
32-lnch  dlmmster  reflectors.  Polarisation  of  tha  L-S  band  antenna  is  changed  by  physically  rotating  the 
feed  through  90  degrees.  At  C-and  X-bands  the  transmitted  polarisation  is  changed  by  switching  the  ax- 
cited  port  of  a  dual-mode  transducer  and  by  rotating  a  quarter -wave  plate,  depending  upon  tha  required 
component.  During  operation  the  single  pedestal  supporting  all  the  antennas  is  servo-slaved  to  tha  op¬ 
tical  handstand,  As  an  aid  in  acquisition,  however,  the  operator  can  use  an  X-band  monopulse  receiver 
which  displays  error  slgnels  on  a  meter  of  thn  handstand.  The  recalver  is  mounted  between  the  C-and  X- 
band  reflectors  snd  uses  a  four-horn  cluster  polarised  at  45*  so  that,  regardlaos  of  transmitter  polar¬ 
isation,  a  useable  signal  is  received. 


36-2 


TABLE  I 

SYSTEM  CHARACTERISTICS 


Band 

L 

s 

C. 

X 

Frequency,  MBs 

1300 

2800 

5500 

9225 

Peak  Radiated  Powar,  kW 

250 

250 

250 

250 

Pulse  Width,  nsec 

1 

1 

1 

1 

Pulse  Rate,  Hs 

500 

500 

500 

500 

Beomwidth,  (ExH  plane)  deg 

7.5  x  6 

3.5  x  3 

3x3 

3x3 

Antenna  Gain,  dB 

28 

33 

34 

34 

Transmitted  polarisation 

H,  V 

H,  V 

RC,  LC,  H,  V 

RC,  LC,  H,  V 

Received  Polarisation 

• 

I 

m 

m 

tr an emitted 

simultaneous  reception  of  parallel 
end  orthogonal  components 

H  -  horizontal 
V  -  vartlcal 
RC  -  right  circular 
LC  -  loft  circular 


Tha  L-and  S-band  systems  ora  ilmllar  and  a  block  diagram  la  thorn  in  Fig.  2.  With  tha  3-dB  hybrid 
duplaxar  half  tha  power  la  radiated,  half  la  abaorbad  In  a  load,  and  a  racalvar  port  la  provided  with 
about  30-dB  laolatlon.  Thit  degree  of  ltolatlon  perlite  the  transmit -receiver  (T.R.)  tube  used  for  miser 
crystal  protection  to  deionise  rapidly,  thus  allowing  the  cloie-ln  target  tracking  required  for  the  opti¬ 
cal  tracker.  Data  can  be  taken  within  the  interval  of  2000  to  20,000  yd.  The  receiver  system  uses  no 
automatic  gain  control  in  tho  usual  sense  and  operates  with  a  linear  Instantaneous  dynamic  range  of  40  dR . 
Since  RCS  measurements  are  performed  as  well  as  recording  aircraft  antenna  patterns,  much  more  dynamic 
range  la  needed  for  most  targets .  For  this  purpose  an  automatically  operated  switched  attenuator  system 
Is  employed ,  As  shown  in  Fig.  2  a  series  of  fixed  attenuators  la  controlled  by  the  video  output  level  to 
produce  an  addltlouel  65  dB  range.  Two  Isolator-matched  20-dB  steps  are  used  at  r-f  to  prevent  mixer 
saturation  affects  with  the  remaining  25  dB  at  1-f  before  the  smpllflnr.  With  the  total  105  dB  range 
provided,  all  antenna  and  most  RCS  msasuromsnts  can  be  accommodated  over  the  10:1  range  Interval.  Local- 
oscillator  power  Is  supplied  by  fixed  oscillators  rather  than  a  klystron  using  efc,  since  normal  frequency 
excursions  operating  with  a  limited  receiver  pass-band  can  produce  undesirable  pulse-to-pulse  amplitude 
fluctuations.  Some  drift  ft  Inevitable  however,  and  since  It  was  desired  to  reproduce  the  transmitted 
pulse  shape,  tha  overall  receiver  pass-band  Is  flat  within  11/2  dB  over  5  MBs  centered  at  30  MBs.  A  block 
diagram  of  the  microwave  portion  of  toe  C-or  X-bsnd  system  Is  shown  In  Fig.  3.  T.R.  tube  recovery  time 
problems  do  not  occur  and  a  conventional  duplaxar  Is  used.  The  1-f  sections  are  Identical  for  all  bands. 

Target  range  gating  la  provided  by  a  conventional  early-late  gate  tracker  which  con  be  connected  to 
auy  of  the  receiver  outputs.  Ranging  enables  a  5  usee  wide  1-f  gate  in  each  receiver.  Thus,  assuming 
only  the  target  of  Interest  Is  present,  range  jitter  affects  are  eliminated  from  tha  data  by  the  use  of  a 
peak  detection  circuit.  When  antenna  pattern  measurements  are  made  a  separata  1-f  end  recording  channel 
with  a  second  5  usee  gate  delayed  10  usee  from  the  reflected  signal  gate  Is  used. 

Fig.  4  shews  a  photograph  of  one  of  the  bascoj  assemblies  for  aircraft  Installation.  These  have 
been  built  for  operation  In  S-,  C-  or  X -bands  and  typically  use  a  400  W  peak  rated  tunable  magnetron  as 
the  transmitter.  The  assembly  consists  of  a  commercial  transponder,  power  supply  and  control  box.  Oper¬ 
ation  tc  28V  or  115V  a-c  Is  provided.  Signal  output  is  adjusted  by  varying  the  attenuator  pad  in  the  out¬ 
put  line  prior  to  flight.  A  variety  of  keying  frequencies  have  baen  used  for  antenna  stations  available 
on  the  aircraft  and  since  the  illuminating  radar  spans  savsral  bands,  one  Is  usually  selected  for  receiv¬ 
ing  antcuna  performance  or  consistency  with  tha  total  measurements  required  of  the  aircraft.  8-band  has 
been  keyed  from  the  X-and  8-band,  C-band  from  C-bend,  and  X-band  from  X-band. 

Preparation  for  meaaurementa  at  tha  radar  Include  calibration  cf  r-f  and  1-f  attenuators,  transmitter 
and  local  ciclllatcr  frequencies,  date-system  and  racalvar  sensitivity.  R-F  signals  are  furnished  by  a 
calibrated  ground  site  remote  beacon  so  that  system  ssnsltlvltlae  are  monitored  at  Intervals  during  the 
measurements .  Primary  system  calibration  la  accomplished  before  and  after  flights  by  tracking  a  balloon- 
borne  b-inch  diameter  mate?  sphere.  Appropriate  data  corractlons  are  applied  to  allow  for  differences  be¬ 
tween  the  optics  region  RCS  and  tha  actual  measurement  frequencies  ut'ed,  Rader  beacon  calibration  In¬ 
cludes  a  pre-flight  and  post-flight  check  of  the  frequency  and  peak  power  level,  and  a  measurement  of  the 
attenuator  pads. 

Data  recording  la  primarily  by  digital  recording  of  pulee-to-pulae  received  signals,  fix  channels 
arc  available  with  receiver  outputs  stretched  (held)  to  their  peak  values,  quantised  to  10  bits  and  re¬ 
corded  on  a  i-in. ,  16- track  recorder.  Target  range,  aslmuth,  elevation  and  run  maker  ora  recorded  on 
the  sou  tepn  at  reduced  rate.  In  addition,  each  radar  trigger  la  counted  and  recorded  for  uee  In  e 
tepe  search  ayetem  In  the  laboratory  reformatting  process.  Attenuator  valuer  ere  recorded  In  the  bit  lo¬ 
cations  used  for  video  during  the  switching  Interval.  Additional  racer dings  ore  mode  aa  fellows:  A 
multi-channel  pulse-to-pulse  video  record  on  35-mi  fils.,  16-mm  boreelgbt  film  from  a  collimated  camera, 
a  chart  recording  of  the  detected  end  stretched  video,  enl  e  slmultenaoue  voice  cooMutery  from  all  three 
onsretor  stations  during  measurements. 

Dots  from  each  of  the  many  runs  necessary  to  describe  the  patterns  and/or  RCf  ere  recorded  In  e  con¬ 
tinuous  stream  on  tepe.  Preparatory  to  reduction,  date  ere  selected  end  reformatted  onto  two  IBM  cuwpatlble 
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1/2-ln.  tap*i  containing  proper  rocord  gap*.  Reformat  equipment  ahovn  In  Fig.  3  anablaa  tapa  aaarch  and 
recording  of  four  pulse  .to-pulse  data  channala  simultaneously  on  ona  tapa  and  tha  aircraft  track  data  on 
another.  Selection  la  baaed  on  confirmation  of  valid  data  run a  and  aectlona  aftar  Inspection  of  borealght 
film  and  chart  recordings ,  and  chacklng  recorded  coomantary  of  tha  oparatora  and  pilot. 


3.  DATA  HANDLING 

Data  reduction  la  performed  ualng  a  high-speed  digital  computer.  Fig.  6  outlinaa  the  procedure 
which  la  uaed  for  the  RCS  measurements;  antenna  pattern  data  are  reduced  essentially  according  to  the 
same  flowchart.  The  Une-of-slte  (LOS)  la  first  determined  as  a  function  of  time  for  each  of  the  data 
runs.  Input  data  consist  of  the  aircraft  position  in  radar-oriented  coordinates  sampled  twice  par  second. 

The  position  data  and  constraints  on  tha  aircraft  courses  then  permit  generating  a  coordinate  transforma¬ 
tion  from  the  ground-based  radar  ayatem  to  a  new  system  erected  about  tha  aircraft.  Once  the  transforma¬ 
tion  Is  complete  the  LOS  la  established  In  aircraft  oriented  coordinates  and  time  dependant  range  aslmuth 
and  elevation  angles  are  printed  via  a  line  printer  and  recorded  on  magnetic  tape  for  use  In  later  steps 
In  the  processing. 

The  second  step  la  the  generation  of  a  pulaa-to-pulse  calibrated  tapa  of  received  elgnale.  The 
data  inputs  to  tha  computer  are  (a)  a  magnetic  tapa  containing  voltage  amplitudes  for  up  to  four  selected 
data  channels  and  coded  levels  for  tha  accompanying  attenuation  values  (b)  a  magnetic  tapa  containing 
range  and  aspect  data,  and  (c)  punched  cards  containing  varloua  calibration  factors  and  Information  for 
evaluation  of  the  data.  For  tha  antenna  pattern  measurements,  values  of  tha  radar  and  beacon  transmitted 
power  and  radar  antenna  gain  are  supplied  for  each  channel  so  that  the  sphere  calibrations  can  be  Inter¬ 
preted  In  terms  of  a  receiver  system  calibration.  Tha  voltage  values  are  corrected  to  a  0-dB  level  by 
removing  step  attenuation  values  present  at  tha  time  of  measurements,  correcting  for  nonllnearltlea  In 
the  receiver  transfer  function,  compensating  for  range,  and  applying  calibrations  appropriate  to  RCS  and/or 
antenna  pattern  measurement.  The  final  result  of  this  part  of  the  analysis  Is  the  pulsa-to-pulse  signal  as  a 
function  of  time  on  magnetic  tape.  This  tape  nov  becomes  an  Input  to  the  next  step  In  the  processing. 

The  third  step  is  the  subdivision  of  the  data  according  to  aslmuth  x  elevation  aspact  cells.  For 
the  antenna  pattern  measurements  5°  x  3°  cells  are  used,  whereas  for  RCS  10*  x  10*  cells  are  formed. 

Average  antenna  gains  for  data  In  each  5*  x  5°  cell  are  generally  calculated,  or  In  the  case  of  RCS,  the 
20th,  30th,  and  80th  percentiles  of  the  cross-section  distribution  are  calculated  for  the  10*  x  10*  cells. 

The  Inputs  are  the  aspect  Information  from  the  first  part  of  tha  processing  and  the  calibrated  signals 
tape  from  the  second  part  of  the  processing.  Outputs  are  punched  on  cards  together  with  the  number  of 
sample  values  used  In  forming  tha  distribution  function  or  average. 

The  final  processing  step  marges  the  cards  for  a  single  channel  and  for  each  aspect  call  and  prints 
and  plots  the  results.  This  Is  done  by  a  computer  routine  which  accepts  punched  cards  containing  averages 
and  percentile  values  and  aspect-cell  Information,  sorts  according  to  aspect  cell  and  merges  values  from 
like  cells.  The  merging  Is  accomplished  by  an  averaging  procedure  In  which  each  value  Is  weighted  ac¬ 
cording  to  the  number  of  eamples  from  which  It  was  determined. 


4.  MEASUREMENTS 

The  radar  equipment  Is  sited  near  tha  edge  of  a  90-ft  cliff,  overlooking  the  Chesapeake  Bay.  Fig.  7 
shows  an  outline  of  the  area  with  ground  projections  of  the  courses  used  for  measurements.  Data  are  taken 
over  water  with  maximum  rangee  of  10,000  to  20,000  yds.  To  mlnlmlsa  tha  effacts  of  ground  Illumination 
the  elevation  angle  of  the  radar  Is  at  least  3  degrees.  Twelve  different  straight  Una  courses  of  var¬ 
ious  altitudes  and  directions  are  used.  Ten  of  these  are  In  level  flight,  while  two  use  a  shallow  climb 
and  dive  (12.3  degrees).  The  level  flight  courses  are  each  designed  to  provide  sufficient  data  within 
prescribed  aspect  angle  Intervale.  Using  2300  and  3000-ft  altltudss,  tha  coursas  passing  directly  over 
the  measurement  site  provide  data  between  3  and  40  degrees  beneath  the  nose  or  tall  of  the  aircraft  to 
form  an  elevation  cut.  Most  of  the  aslmuth  cut  Is  plotted  for  data  at  a  nominal  -10  degrees  elevation 
using  tha  parallel  offset  courses  which  are  flown  at  an  altitude  of  3000  ft.  To  cover  the  aslmuthal 
angles  near  nose  and  tall  (data  between  3  and  13  degrees,  and  between  165  and  173  degrees)  an  offset 
course  flown  over  tha  TACAN  at  2300  ft  altitude  Is  used.  Coursas  era  flown  In  two  directions  and  In  a 
sequence  which  maximises  tha  data  yield.  By  allowing  tha  optical  tracker  operator  to  communicate  directly 
with  tha  pilot,  details  on  run  sequence,  start  and  stop  can  bs  worked  out  efficiently.  To  obtain  suffi¬ 
cient  data  for  a  repeatable  RCS  pattern  using  one  polarisation,  a  total  of  about  twenty-six  rune  are  re¬ 
quired.  If  antenna  patterns  alone  are  measured,  experience  Indicates  only  about  twelve  runs  are  needed. 


5.  ASPECT  ANGLE  ESTIMATES 

The  control  and  estimate  of  the  aircraft  aspaet  angle  represents  tha  most  difficult  problem  in  con¬ 
ducting  the  measurements.  By  using  stralght-llne  courses  and  maintaining  their  alignment  with  a  site  lo¬ 
cated  TACAN,  sufficient  Information  Is  available  from  tha  target  track  to  solve  tha  coordinate  transfor¬ 
mation  problem  which  Is  posed. 

Fig.  8  Illustrates  an  aircraft-oriented  coordinate  system  cantered  at  Q,  In  which  a  solution  for  the 
LOS  to  the  radar  centered  at  0  Is  required.  Tha  three  mutually  perpendicular  axes  QU,  QV,  and  QW  are 
aligned  in  accordance  with  tha  following  aasusiptlons: 

1.  Tha  QU  axle  coincides  with  tha  aircraft  velocity  vector. 

2.  Tha  qv  axis  Is  parallel  to  tha  ground  plana  IOT  of  tha  radar. 
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A  solution  In  which  llns-of-«it*  from  th*  radar  la  transformed  to  air craft -or lan tad  coordinate*  la  found 
which  Ignore*  any  aircraft  crab  or  roll  angle.  During  final  processing  of  the  data  theaa  value*  can  be 
inserted  as  appropriate  to  correct  for  this  "idealised"  solution.  In  order  to  satisfy  the  two  conditions, 
measurements  will  need  to  be  performed  under  favorable  weather  conditions  and  along  straight  flight 
course*.  Note,  however,  that  the  aecond  condition  permits  the  aircraft  to  climb  or  diva  In  alignment  with 
the  radar  and  this  trajectory  Is  used  In  obtaining  measurements  directly  nose-on  and  tall-on. 

In  accordance  with  the  first  assumption  previously  stated,  the  QU  axis  of  the  Aircraft  coordinate 
system  coincide*  with  th*  aircraft  velocity  vector.  Denoting  this  by  a  unit  vector  U,  Its  components  are 
given  by 

U  -  1/*  {*,  *,  i  J 

where  4*  «  i2  +  £2  +  42  . 

Next  V  and  W  are  used  to  represent  unit  vectors  along  the  axes  QV  and  QW,  respectively  and  1  represents  a 
unit  xectgr  along  the  direction  OZ  of  the  radar  coordinate  system.  The  aecgnd  Assumption  then  Implies 
that  V  a  Z.  Since  the^alrcraft  coordinate  system  forms  an  orthogonal  set,  V  ^u,  This  leads  to  the  fol¬ 
lowing  constraints  on  V,  from  dilch  Its  components  can  be  determined: 

v-z-v-u-o,  v-v-i 

Having  determined  the  components  of  both  U  and  V,  th*  components  of  W  are  simply  solved  using: 

w-u-w-v-o,  w-w-i 

Once  th*  location  of  ea£h  of  th*  aircraft  axe*  has  bean  determined,  the  required  coordinate  transformation 
can  be  completed.  Let  B  represent  a  unit  vector  along  tha  £08  direction  from  the  radar  and  defined  In 
radar  oriented  coordinates.  Than  tha  direction  cosines  of  B  with  respect  to  aircraft  coordinates  are: 

cos  «  ■  B  •  0, 
cos  0  -  B  *  V, 
and  cos  y  »  B  ’  W. 

with  reference  to  Fig.  8  the  required  aslmuth  and  elevation  angle*  A  and  E  are  given  by 


A  «  tan 


•1  cos  B 
cos  a 


E  -  90*  -  y. 

Performing  all  Indicated  operations  th*  resulting  solution  Is: 


E  -  90*  -  cos" 


t: 


-f-T 
+  yr 


the  b(,  6^,  b(  are  th*  coordinates  of  B. 


s(*bx  *  *by> 
*2  +  f2 


,  where 


Data  used  for  th*  computation  consists  of  spherical  coord*  ■  <-••  range,  aslmuth,  and  elevation  sam¬ 
pled  twice  each  second.  Unco  numerical  differentiation  Is  required,  th*  answers  are  vary  sensitive  to 
random  variations  In  the  Input  data.  These  variations  are  caused  by  range  Jitter  In  the  range  tracker 
and  by  operator  and  servo  errors  la  optically  tracking  the  target  and  slaving  tha  radar  pedestal  to  the 
handstand.  To  remove  these  variations.  Input  data  ara  smoothed  using  an  eleven-point  lnterpolatlv*  rou¬ 
tine,  repeated  three  times.  Tha  defining  equation  of  the  l'th  point  Is 


a 


1 


* 


1 


The  effect  of  this  smoothing  process  Is  to  pass  raw  data  through  a  low  pas*  filter  with  a  -)  dl 
bandwidth  of  approximately  0.3  radian* /sec.  This  has  bean  found  adequate  for  the  range  of  courses,  speeds 
and  system  inaccuracies.  Following  smoothings  and  conversion  to  rectangular  coordinates,  tha  required 
velocities  are  obtained  using  a  simple  three-point  fonatla.  For  1/2  second  samples,  this  becomes: 


*1  "  *1+1  *  *1-1 
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6.  MEASUREMENT  ACCURACY 

Regarding  the  msasuremant  of  signal  leva  la  from  which  both  antenna  pattern*  and  RCS  ara  derived, 
the  three  main  aourcat  of  Inaccuracy  ara  due  to  (1)  linearity  arrora,  (2)  frequency  drift  errora,  (3) 
te^erature  affects.  Calibration  of  the  switched  attenuators  and  measurement*  of  the  receiver  transfer 
functions  ara  par formed  and  corrections  applied  during  data  reduction,  but  still  contribute  errors  of 
about  ±0.5  dB.  Short-tans  frequency  drifts  batwean  the  transmitter  and  receiver  local  oaclllator,  other 
than  the  nominal  30  Mis  i-f ,  causs  an  arror  of  ±1.0  dB  due  to  amplifier  paasband  ripple.  Temperature 
changes  within  the  equipment  cause  offset  errors  In  some  of  the  circuits  In  addition  to  slightly  detuning 
the  bandpass  amplifiers.  These  changes  In  addition  to  others  cause  differences  In  pre-flight  and  post- 
flight  calibration  to  about  ±0.5  dB.  The  combined  effect  of  the  errors  Is  to  restrict  measurement  accur¬ 
acy  to  about  ±2.0  dB. 

One  other  factor,  not  related  directly  to  measurement  accuracy,  but  rather  to  measurement  rapaatr 
ability  Is  that  of  aspect  determination.  As  discussed  earlier,  the  aspect  solution  employed  Ignores  the 
effects  of  roll  and  crab.  In  all  but  the  calmest  of  weather,  however,  some  crabbing  will  be  experienced 
and  corrections  made  In  ordar  to  define  the  aspect  angle  as  accurately  as  possible.  A  technique  used  for 
determining  crab  angles  Is  that  of  time  correlation  batwean  boreslght  film  and  aspect  solution  In  conjunc¬ 
tion  with  some  observable  alignment  feature  on  the  aircraft.  The  moat  often  used  feature  Is  that  of  op¬ 
posite  wing  tips  being  aligned.  Another  technique  Is  to  key  on  acme  characteristic  observable  In  the  air¬ 
craft  reflectivity  pattern  such  as  the  specular  return  from  the  leading  edge  of  the  wing  and  again  time 
correlate  with  the  aspect  solution.  These  observables  can  lead  to  accuracies  of  the  order  of  ±1°  for 
passing  courses. 

On  radial  courses  heading  reports  from  the  pilot  of  the  aircraft  can  be  correlated  with  ground 
track  projections  and  the  crab  angle  determined  by  differencing  the  two.  This  particular  technique  can 
result  In  errors  of  up  to  3  dagrees. 


7.  TYPICAL  RESULTS 

Pig.  9  shows  the  reduced  data  for  a  single  run  of  an  aircraft  past  the  measurement  system.  In  this 
Instance  the  aircraft  was  flying  a  crossing  course  at  5000  yds.  offshore  heading  180  degrees  true  with 
the  antenna  positioned  with  the  center  of  the  beam  to  starboard  (90°).  The  resulting  plot  of  the  mean 
values  from  5  degree  cells  shows  the  beam  peaked  at  85  degrees,  but  with  five  degree  resolution  the  peak 
could  have  occurred  between  85  and  90  degrees.  The  pattern  3  dB  points,  if  symaetry  Is  assumed,  Indicates 
a  beam  center  1.5  •  2  degrees  forward  of  90  degrees.  There  Is,  as  mentioned  earlier,  an  indeterminacy  In 
actual  aspect  angle  measurement  idilch  can  also  contribute  to  the  peak  of  the  beam  plotting  someplace 
other  than  Its  actual  position.  This  pattern  also  shows  claarly  the  first  aldelobes  of  the  antenna  at 
approximately  -15  dB. 

Pig.  10  shows  the  results  of  a  similar  course,  Included  here  to  show  the  somewhat  deeper  nulls  and 
better  defined  sldalobes  than  the  previous  figure.  This  average  data  can  be  supplemented  by  examining  the 
percentiles  of  the  distribution  of  received  signals  In  a  manner  similar  to  the  RCS  measurement,  Pig.  11. 
Shown  are  the  10,  50,  and  90  percentiles  from  which  the  mean  values  of  Pig.  10  are  drawn.  The  50  percen¬ 
tile  curve  is  nearly  identical  to  the  mean  value  curve  but  the  10  percentile  curve  shows  more  structure 
in  the  null  region  than  either  of  these.  In  comparing  the  spread  among  the  three  percentiles  from  cell 
to  cell,  the  signal  falls  significantly  at  the  120  degree  and  125  degree  points,  the  region  of  this  first 
null  In  the  pattern.  The  comparable  null  on  the  opposite  side  of  the  pattern  occurs  In  the  55  degree  to 
60  degree  region  but  does  not  exhibit  the  significantly  lower  signal.  This  could  be  a  consequence 
of  perturbation  of  the  pattern  by  aircraft  structura,  basic  non-symetry  In  the  pattern,  or  flight  char¬ 
acteristics  of  the  aircraft  on  this  particular  run  not  giving  visibility  to  the  null  depth. 

Pig.  12  is  a  plot  of  swan  values,  again  from  5  degree  cells  but  with  the  aircraft  passing  overhead 
and  sweeping  in  elevation  rather  than  aslmuth.  This  plot  actually  shows  the  results  from  two  such  passes 
of  the  aircraft,  one  Inbound  during  which  the  values  in  the  forward  region  are  determined  and  the  other 
outbound  during  which  the  values  in  the  after  region  are  determined.  The  coverage  In  elevation,  however 
la  Insufficient  to  capture  ths  null  detail  of  the  pattern  In  that  plana. 

Pig.  13  Illustrates  the  same  antenna  described  In  Pig.  10,  but  now  emplaced  so  that  the  axis  Is 
directed  at  a  nominal  45  degress  to  the  airframe.  A  comparison  of  the  two  figures  ravsals  that  the  pat¬ 
terns  In  the  two  cases  ara  not  significantly  different,  thus  the  change  In  emplacement  has  not  Introduced 
any  perturbations  Into  the  pattern  of  the  antenna, 

Ft«.  14  is  the  plot  of  mean  values  from  a  course  designed  to  provide  swasurements  of  aslmuth  pattern 
near  the  nose  region.  This  particular  run  provided  30  degress  coverage  and  mapped  the  pattern  Into  the 
first  null  region  at  330  degress.  For  this  course  the  antenna  was  positioned  pointing  forward.  Thera  Is 
structural  blockage  which  spoils  the  pattern  and  produces  a  local  null  at  sero  degrees.  A  course  which  Is 
the  reciprocal  of  this  provides  comparable  coverage  near  the  tail  of  ths  aircraft. 

All  ths  patterns  Illustrated  here  were  achieved  by  positioning  an  antenna  of  approximately  30  degree 
beamwidth  at  various  angles  with  respect  to  the  airframe  and  running  designed  courses  to  map  the  aslmuth 
and  elevation  coverage  desired,  in  the  general  case  of  an  omnidirectional  antenna,  these  courses  would 
define  ths  pattern  over  ths  total  aslmuth  coverage  which  could  than  be  presented  In  composite  form. 
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8.  CONCLUSIONS 


Th«  design  of  a  «yat«a  for  making  dynamic  measurements  has  resulted  In  a  stable  multifrequency 
Using  this  system,  it  has  been  possible  to  perform  accurate  measurements  of  antenna 
-5  0f  ;?lonic /ntennas  Installed  aboard  aircraft.  Such  measurements  have  the  advantage 

of  providing  *  true  pattern  of  an  antenna  in  its  operational  environment,  complete  with  pattern  dlstor- 
$*!d  blockages  as  may  exist.  Furthermore  such  measurements  may  be  made  without  an  instrumented 
aircraft  for  aspect  determination  provided  a  controlled  set  of  courses  are  used  and  the  aircraft  is 
equipped  with  a  known  stable  power  source  driving  the  antenna  being  measured. 
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Ground  alts  equipment.  A  single  antenna  pedestal  la  used  for  four-band  operation  and  la  con 
trolled  by  the  adjacent  optical  handstand- tracker. 
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Fig  .  2.  L-or  S-band  system  block  diagram. 


Fig.  3.  X-band  microwava  (action  block  diagram. 


Fig.  4.  Baacon  aaaambly  uaad  for  aircraft  lnatallatlon. 


Fig,  S.  Magnetic  Cap*  reformatting  equipment. 
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Fig.  7.  Ground  track*  of  flight  court**  at  the  Chesapeake  Bay  area  teat  site. 


Fig.  8.  Coordinate  systems  u**d  for  aspect  angle  problem  solution. 
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DISQU3SIQN 


P..S.  STRINGER;  Assumptions  of  aircraft  attitude  have  been  made  in  the  technique 
descrTEecl.  WouTS  not  lmproveiuents  in  aoouracy  be  aohieved  by  a  measurement  of  attitude 
synchronized  with  the  ground  recordings?  If  Improvements  are  likely,  why  have  not  euoh 
attitude  records  been  obtained? 

I.D.  OLIN:  Synchronized  attitude  measurements  would  indeed  improve  the  aircraft  aspeot 
measurement  accuraoy.  Moreover,  it  would  somewhat  reduce  the  restrictions  regarding  flight 
courses.  But  if  flying  time  is  to  be  kept  reasonable  only  principal  plane  measurements, 
(implying  little  aircraft  roll)  may  be  made  anyway. 

In  the  approach  described  such  measurements  were  not  made  because  of  the  installation 
complexity  and  the  time  involved.  A  large  variety  of  aircraft  were  to  he  measured  and  it 
was  felt  that^all  of  them  would  be  avallablcfor  the  necessary  ground  installation.  Xhe 
beacon  installation  is  simple  and  performed  by  the  general  crew,  so  that  our  actual 
involvement  with  the  aircraft  was  essentially  restricted  to  flight  time. 
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SUMMARY 

A  new  scattering  technique  for  low  reaction  measurements  of  electromagnetic 
fields  Is  presented  using  a  small  diode  probe  without  any  conductive  feeder.  The  basic 
principle  of  this  technique  makes  use  of  the  frequency  mixing  property  of  a  microwave 
diode  as  scatterer  to  convert  the  probe  signal  to  the  x-band  microwave  range  where  It 
easily  can  be  transmitted  and  picked  up  by  a  remote  auxiliary  antenna.  The  theoretical 
background  Is  given  and  several  measurement  set-ups  for  different  operation  conditions 
ere  discussed. 

1.  INTRODUCTION 

During  the  last  ten  years  measurements  of  the  near  field  region  of  antennas  have 
become  Increasingly  Important  for  the  determination  of  the  fundamental  characteristics 
of  antennas  and  for  the  purpose  of  deeper  Insight  Into  the  radiation  mechanism  of  some 
complicated  antennas  as  log-periodic  and  log-spiral  antennas  surface  wave  antennas  and 
phased  arrays.  If  detailed  near  field  data  are  known  from  near  field  measurements,  far- 
fleld  radiation  patterns,  polarisation  characteristics  and  phase  characteristics  as  well 
as  phase  center  locations  and  gain  functions  can  easily  be  obtained  from  that  data  by 
computational  methods  ( 1  ], (.  2  1. 

The  striking  advantage  of  near  field  measurements  Is  the  fact  that  In  nearly  all 
cases  they  can  be  done  by  laboratory  experiments  and  thus  help  to  save  costs  and  time. 

On  the  other  hand  It  Is  known  as  a  troublesome  drawback  of  all  near  field  probing  tech¬ 
niques  that  the  probe  disturbs  the  field  distribution  particularly  In  the  vicinity  of  the 
antenna  surface  when  picking  up  energy  from  the  field  for  measuring  purposes.  This  may 
cause  Inaccuracies  In  the  experimental  data  and  at  least  In  the  desired  antenna  charac¬ 
teristics. 

In  order  to  provide  minimum  disturbance  of  the  field  distribution  by  the  measuring 
probe  several  Ingenious  and  sophisticated  techniques  have  been  developed  by  different 
authors  and  recently  summarized  In  an  excellent  review  given  by  J.  D.  Dyson  [3].  According 
to  this  the  probing  techniques  may  be  divided  Into  those  for  direct  measurement  and  those 
for  indirect  measurement.  The  former  give  Increased  sensitivity  and  direct  reading  of  the 
near  field  distribution  as 


UPT  -  Kpr  Er  Cr(rr#r*T)  COS(STt  +  (^)  (1) 


were  Llpr  1$  the  signal  voltage  at  the  input  of  the  probe  feeder,  K^rd*”0***  a  constant 
depending  on  the  effective  aperture  of  the  probe, £r  ,  J?T ,  and  Q/r  are  the  maximum  amplitude, 
the  angular  frequency,  and  the  relative  phase  of  the  signal  received  by  the  probe  and  Cr 

stands  for  the  desired  relative  radiation  characteristic  of  the  antenna  under  test. 

The  latter  are  known  as  scattering  techniques.  They  make  use  of  measuring  the 

reradiated  or  scattered  field  of  a  small  probe  when  It  Is  moved  In  the  field  of  Interest. 
The  quantity  to  be  measured  will  be  received  simultaneously  by  the  antenna  under  test  and 
Is  given  by 


U4T  “  K*r  E*Cr(*v*v^f)  COS(S?rt  +  2if»r)  (2) 


where  U«r1s  the  voltage  of  the  scattered  signal  at  the  antenna  termination  and  K»Ta 
similar  constant  to  Equation  (2)  shows  as  main  drawbacks  of  the  scattering  techniques 
reduced  sensitivity  and  a  quadratic  proportionality  between  the  output  signal  and  the 
field  distribution  function  Cr  Instead  of  a  linear  one  In  (I).  As  a  consequence  of  this, 
given  a  limited  dynamic  Input  range  of  the  measurement  receiver,  the  scattering  techniques 
only  allow  *or  a  readout  of  half  the  dynamic  range  of  the  field  distribution  that  can  be 
covered  by  the  direct  probing  techniques.  Nevertheless  on  account  of  minimum  field 
disturbance  which  mostly  Is  of  particular  Importance  the  scattering  techniques  are  of 
major  significance  because  of  the  absence  of  any  conductive  feeder  to  the  probe. 

This  paper  now  deals  with  an  Improved  measuring  technique  for  probing  electro¬ 
magnetic  fields  which  combines  the  advantages  of  both  probing  methods  and  avoids  their 
drawbacks.  In  making  use  of  the  "S585C  Homodyne"  system  for  real-time  measurements  the 
measurement  system  to  be  presented  guarantees  high  senslvltles  up  to  -  100  dBm  with  a 
dynamic  range  of  80  dB. 
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2.  PRINCIPLE  OF  THE  MEASURING  TECHNIQUE 

The  basic  principle  of  this  new  measurement  system  Is  to  use  a  microwave  mixing 
diode  In  a  common  glass  or  pill  package  with  leads  as  scattering  probe.  The  leads  will 
act  as  the  wire  arms  of  a  short  electric  or  magnetic  dipole  with  the  diode  junction  as 
non-linear  terminating  Impedance.  When  this  probe  Is  placed  Into  the  field  of  the  antenna 
under  test  and  In  addition  to  this  Illuminated  by  an  auxiliary  signal  radiated  by  a 
second  transmitting  antenna  sufficient  far  away  as  Is  shown  In  Fig.  1  the  probe  will 
receive  both  signals  different  In  frequency  end  feed  a  certain  amount  of  them  Into  the 
diode  termination. 


TRANSMITTER 

S?r“  IQNm 


wy  w  ?▼  yt  wwwwf  wfw'fw- 


1  CM, 


1 


JH 

'aq«* 


AWTENMA 
UMoee  TiST 


AUXILIARY  ANTCNMA 

I. 


AAAAAA AUAJUAAAAAA 


CIRCULATOR 


RECEIVER 


TRANSMITTER  -  IO$Hx 


Fig.  1  Principle  of  the  measuring  technique 

Due  to  the  mixing  property  of  the  microwave  diode  additional  sideband  signals  are 
generated  and  reradiated  by  the  probe  dipole.  These  sideband  signals  carry  all  Information 
of  the  radiation  fields  of  both  antennas  at  the  position  of  the  scattering  probe.  They  can 
be  picked  up  simultaneously  by  the  auxiliary  antenna  and  then  fed  Into  a  receiver  for 
amplitude  and  phase  determination.  In  order  to  make  sure  that  only  the  spatial  field 
distribution  of  the  antenna  under  test  Is  analysed  some  special  steps  must  be  adopted 
that  eliminate  the  Influence  of  the  auxiliary  antenna.  These  will  be  discussed  later  on. 

While  the  signal  frequency  of  the  antenna  under  test  Is  fixed  by  the  test 
conditions  (for  example  S?T  ■  1  GHz)  the  frequency  of  the  auxiliary  signal  may  be  chosen 
arbitrary  but  should  be  In  the  order  of  ten  times  the  test  frequency  or  larger  In  this 
particular  field  of  application  (c.g.  9*  «  10  GHz).  If  the  probe  length  and  diameter  then 
are  matched  convlnlently  to  the  upper  sideband  signal  (  SfH+  9r  ■  11  GHz)  as  a  resonant 
halfwave  dipole  or  loop  (which  results  In  a  1.36  cm  probe  length  or  a  0.436  cm  lcop 
diameter)  low  transmission  loss  Is  provided  on  the  transfer  of  the  reradiated  signals 
between  probe  and  auxiliary  antenna.  Thus  the  probe  size  regarding  to  the  wavelength  of 
the  test  signal  will  be  reduced  to  the  order  of  0.023  A.  .  This  small  scattering  probe 
gives  sufficient  resolution  and  brings  out  only  negligible  disturbance  of  the  fields  of 
interest.  If  smaller  probes  are  required  the  probe  size  may  be  reduced  far  beyond  the 
matching  condition  as  far  as  the  power  of  the  signal  generators  and  the  senslvlty  of  the 
receiver  make  sure  that  the  decreasing  scattered  signal  can  be  Indicated. 

3.  THEORETICAL  BACKGROUND 

Although  the  principle  of  this  measuring  technique  Is  not  restricted  to  the  near 
field  of  antennas  there  Is  a  significant  difference  In  the  measurement  set-up  If  the 
field  distribution  In  the  vicinity  of  the  antenna  under  test  or  at  a  more  distant  range 
Is  considered.  As  can  be  seen  from  Fig.  1  If  the  probe  Is  positioned  In  the  very  near 
field  the  auxiliary  antenna  will  not  only  Illuminate  the  scatterer  but  also  the  antenna 
under  test.  In  case  of  this  an  additional  back-scattered  signal  from  the  antenna  under 
test  arises  that  Interferes  with  the  direct  signal  originating  from  the  auxiliary  antenna. 
As  a  matter  of  fact  the  carrier  signal  at  the  scatter  termination  Is  no  more  Independent 
of  the  position  of  the  antenna  under  test  which  Is  true  for  the  distant  field. 

3.1  Theory  without  Back-Scattering  at  the  Antenna  Under  Test 

The  observable  voltage  U0y  of  the  test  signal  was  defined  by  (1)  e.g. 

U*r  "  ^RT  E.r  ^'r(rT»f^r)  COS(Srt  +  ty) 

Similar  to  this  the  voltage  U0H  of  the  auxl  1 1  ary  signal  at  the  probe  termination  is  given 
by 

Up*  - 


Kph  Em  CitaatA)  C03(9„t  +  %) 


(3) 
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con*tJ"t»  ChiC«  and  q»«  are  the  maximum  amplitude  the  angular 

. . . 

^-.A4s*m1U9  ,*qu5r*  1#w  conversion  for  the  scatter  diode  where  no  regard  Is  made  to 
represented4*^  i,,'p*danc•,  or  s#n*1v1ty  °f  the  diode  the  transfer  characteristic  can  be 


U©ur  "  Qo  +  Qi  Uni  +  Q»  Uj*  (4) 

where 

"  UpT  +  UpH  ( 5 ) 

Equation  (5)  put  Into  (4)  yields  the  frequency  spectrum 

U©or  *  Q*  +  0-5  Q»  (  kff  Er  Cr  (rreTdr)  4-  K©m  Eh  C*  (r,  «„  d«))  *♦* 

+  Q«  Xpt  ErCr(rT»r4r)  COS  (STt  +  <pf)  + 

+  Q,  kM  E#  Citr,©,*,)  C0S(2«t  +  ^e)  -f- 

t  0.5  Q»  C  EJ  C0i(28rt+  2<J*t)  +  (6) 

+  0.5  a*  K*u  E*  Cj  (rHe,^)  C03  ( 2i?,t  +  2  (ft,)  + 

+  a»  k„  Er  Cf  (rrer0r)  k„  Em  £:„(*•„*,)  COS ((»,>J?r)t  +  «#>,“  ty)  + 

+  Q»  Er  Cr  (rr*r^r)  Kw  Ell  Cm  (r»  •«&)  COS((®*+Sr)t  +  %  +  ty) 

Fig.  2  gives  a  schematic  sketch  of  that  spectrum 


U 


J 

1  u; 
J _ _ A 

l 

u 

s~ 

/  u 

_J 

"X  i 

M  \  I 

s 

\  ^  a  s 

ft-Sr 

'•  e„*s,  *«• 

Fig,  2  sketch  of  the  frequency  spectrum 
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of  the  auxiliary  antenna  the  associated  receiver  Input  signals  are  cnarecteristlc 
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aldIh.S\V«2i!BdJK?i  ??BOt*  lJ#  ;o,tagei  of  the  carrier  signal  and  the  lower  and  upper 
ildipind  4  ??*  **  constants  b* 9  bit  md  rioird  to  the  trsnsnlsslon  ^ 

characteristic  between  probe  and  auxiliary  antenna"  transmission 

-E0!!****  3u,nt1ty  Cr(*v*r  #f)  that  Is  the  desired  relatlvespatlal  field  d1strl» 
butlon  of  the  antenna  under  test  only  the  signals  Un  and  U-a  irrelevant.  To  eveluiti 
the  steps  must  be  taken  to  guarantee  that  the  radiation  characteristic  of  the  auxiliary 
an.wnna  has  no  effect  on  the  result.  This  can  be  accomillshid t25  dlff.rnt U}1.  * 

3.1,1,  Analysis  of  One  Sideband  Signal 

•  _<1[!  (8)  or  (9)  the  only  factor  except  Cr  that  may  not  retain  constant  when  the 

,eair**kBp  pr?i?  **  1*  field  of  Interest  Is  tne  relative  radiation  characteristic 

tha°irah!  antenna  can  be  forced  to  become  constant  If  the  mutual  position  of 

•aain*tbth!nfr«2i  *a!!  i1ai?*aBt,2Ba  Is  kept  fixed  while  the  antenna  under  test  la  moved 
rccrlry  MuSreie!!'  Jet Ip”  e#B,#<M#BC#  3  •  «1«M»11fUd  version  of  th! 


Fig.  3  Simplified  set-up  for  measurements  when  back-scattering  from  the  antenna 
under  test  need  not  to  be  taken  Into  account 


3.1.2.  Analysis  of  Carrier  and  One  Sideband  Signal 

Instead  of  keeping  Cn  constant  the  falsifying  Influence  of  C*  can  be  eliminated 
by  detecting  the  carrier  signal  Ue  and  one  sideband  signal  Ut*  or  Uu*  sepera My  and 
taking  the  ratio  of  both  signal  outputs.  If  for  example  the  upper  sideband  and  the  carrier 
signal  are  considered  the  ratio  may  be  derived  from  (7)  and  (9)  as 


u. 

Ue 

Ue 


Uus 

Uc 

(10.1) 

Kou  buj  Q»  Kpr  ErCrjnirfi)  kp» 

(10.2) 

Koc  be  a*  KpH  EuCx(r»#«^«) 

i  Cxt 

ko  Et  Ct  (rr  *r  ir) 

(10.3) 

where  Kau  and  Koc  Indicate  the  different  detection  efficiency  of  both  signals  and 
Is  a  resultant  constant.  Opposite  to  the  above  mentioned  analysis  of  only  one  sideband 
signal  there  Is  no  restraint  on  a  fixed  position  of  the  antennas  used  and  the  scatterer. 

3.2  Theory  Considering  Back-Scattering  at  the  Antenna  Under  Test 

In  a  more  general  case  especially  when  the  scattering  probe  Is  moved  In  the 
vicinity  of  the  antenna  under  test  a  back-scattering  signal  arises  from  direct  Illumina¬ 
tion  of  the  antenna  under  test  by  the  auxiliary  antenna.  This  undesired  echo  signal  may- 
cause  errors  because  of  Interference  with  the  carrier  signal  and  a  direct  reradiation  to 
the  auxiliary  antenna.  Regarding  to  (5)  Um  Is  to  be  replaced  by 


U„  -  Upr  +  Uew  +  Up,  HI) 

where 

Un  -  *p,  £.  C,(r,e.*,>  C05(S?pt-Hp.)  (12) 


Up,deno'<.es  that  portion  of  the  back-scattered  auxiliary  signal  to  Interfere  with  the 
direct  radiated  auxiliary  signal  at  the  probe  termination.  All  other  factors  and  functions 
with  subscript  B  are  similar  to  (3)  but  refer  to  the  back-scattered  auxiliary  signal.  As 
a  matter  of  consequence  to  (11),  (7),  (8)  and  (9)  are  to  be  replaced  by 

Uc  -  bcQ,C,(r.**,)[kpp  EaG(%».^)C0f(%t+t)(l)  +  Kp*E,Ct(^S^)C03(!S<i,t+^)]  (13) 

Ut*  -  t^aaCefr,*,#.)  Kfr  ErCr<rr**)  |  **  E»Ca(r.*#,)COs(to-&)t  +  «-<*)  + 

tkp,  E,C,(r,e,*)Coj((Sr&}t  +*-*)]  <  14> 

U«S  -  fcVAOr,#.*,)  Kpr  ErCr(ryerff)[  «p,  E,Cp(r*e,*;CGS((Si1f9,)t  ♦  %+ipr)  + 

■Htp,  E,C$(r, 9r)t  *  <ft)J  (15) 


Because  of  the  Impossibility  to  keep  the  radiation  characteristics  CM  and  C«  unchanged 
at  the  same  time  a  determination  of  Ct  similar  to  the  method  glvon  In  3.1.1.  falls  in 
this  more  general  case.  If  the  second  method  Is  used  (10.1)  comes  to  the  form 


U  -  - -  (16) 

Ue  +  b,  U0 Ct(r9;t,) 

which  seems  to  be  useless  too  on  account  of  the  additional  term  In  the  denominator  arising 
from  the  directly  reradiated  auxiliary  signal  to  the  auxiliary  antenna.  Fortunately  this 
residual  scattered  auxiliary  signal  can  be  surpressed  by  means  of  a  compensating  technique. 
If  the  mutual  position  of  the  antenna  under  test  and  the  auxiliary  antenne  remain 
unchanged  when  the  probe  Is  moved  the  signal  corresponding  to  the  second  term  In  the 
denominator  of  (16)  will  be  Independent  of  the  probe  position  too  and  thus  can  be  canceled 
by  adding  a  coherent  signal  at  the  receiver  Input  equal  In  amplitude  and  opposite  In 
phase. 

4.  MEASURING  EQUIPMENT 

Regarding  to  the  theoretical  results  there  are  three  different  measurement  set¬ 
ups  for  the  experimental  Investigation  of  electromagnetic  field  distributions.  Each  of 
them  makes  use  of  the  same  scattering  technique  but  differs  In  Instrumentation. 

4.1  Scatterer 

As  scattering  probes  conventional  microwave  semiconductor  diodes  In  plcomln-glass 
packages  are  used  with  straight  wire  leads  as  electrical  field  probe  and  bent  leads  for 
loop  probes  cut  to  the  proper  length.  If  diodes  only  In  pillbox  packages  are  available 
thin  wires  should  be  bonded  onto  the  centres  of  the  top  plates  to  act  as  dipole  arms.  As 
for  the  type  of  diode  schottky  barrier  diodes,  point  contact  diodes  as  well  as  backward 
diodes  have  been  tested  successfully.  The  best  results  were  obtained  from  backward  diodes 
because  of  their  high  tangential  sensitivity  at  zero  bias  operation  and  their  low 
Impedance.  But  also  point  contact  diodes  give  satlfactory  performance.  In  addition  to 
this  they  are  at  lower  price.  Schottky  barrier  diodes  do  not  reach  their  optimum  operation 
properties  In  this  special  field  of  application  because  there  Is  no  bias  available. 

For  the  purpose  of  rqotlon  the  scatter  probes  are  mounted  on  top  of  a  pyramidal 
dielectric  foam  tower  which  Itself  Is  put  to  a  cartheslan  coordinate  positioner. 

4.2  Instrumentation 

The  expenditure  of  Instrumentation  depends  largely  on  what  one  wants  to  measure. 

If  data  are  desired  of  the  extended  near  field  only,  where  there  Is  no  significant  back- 
scattering  from  the  antenna  under  test  two  Instrumentations  are  recommended. 

4.2.1.  Set-up  Regarding  to  3.1,1,  Using  Zero-Indication  Method 
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Fig.  4  Instrumentation  for  Zero-Inal cation  Method 

The  basic  measurement  system  Is  shown  In  Fig.  4,  The  antenna  under  test  for  example  a 
conical  log-spiral  antenna  Is  supplied  by  a  signal  source  at  test  frequency  ST  •  1.0  GHz. 
At  the  same  time  a  source  signal  at  ■  10.0  GHz  Is  fed  to  an x-band  horn  acting  as 

auxiliary  antenna  by  means  of  a  circulator.  Both  signals  are  radiated  to  the  diode 
scatterer  where  they  are  mixed  generating  sideband  signals  at  9  GHz  and  11  GHz, 

that  will  be  reradiated  and  picked  up  by  the  auxiliary  antenna.  The  received  signals 
carrying  the  desired  information  travels clockwl se  through  the  circulator  to  the  Informa¬ 
tion  channel  In  which  a  variable  attenuator  and  a  phase  shifter  as  well  at  a  band-stop 
filter  with  center  frequency  at  10.0  GHz  are  Inserted.  In  addition  to  that  reference 
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signals  are  edited  by  mixing  a  10  GHz  signal  derived  from  the  auxiliary  power  source  by 
means  of  a  directional  couplerwith  a  portion  of  the  test  signal  derived  in  a  similar 
manner.  As  the  information  signals  and  the  reference  signals  are  given  to  the  E-arm  and 
to  the  H-arm  of  a  hybrid  tee  they  will  Interfere  at  the  input  of  an  indicating  receiver 
connected  to  a  side  arm  of  the  hybrid  tee.  The  receiver  input  signals  will  be  of  the 
form: 


U«0  »  ErCr(rTer^)EjC\r)(s1(^)  COS^+^JCOS^+S?,)!:}  (17) 


By  appropriate  adjustment  of  the  attenuator  and  the  phase  shifter  the  receiver  input 
signal  can  be  made  to  vanish.  Amplitude  and  phase  variation  of  the  desired  field  distribu¬ 
tion  then  are  obtained  from  the  corresponding  readouts. 

If  only  amplitude  measurements  are  of  interest  the  Information  channel  may  be 
cut  open  behind  the  band-stop  filter  and  connected  directly  to  the  receiver.  Although  the 
band-stop  filter  is  not  neccessary  for  the  measurement  set-up  in  principle  it  is  of 
significant  importance  to  protect  the  receiver  input  against  the  power  travelling  counter 
clockwise  from  the  10  GHz  signal  source  to  the  information  channel  because  of  the  limited 
isolation  of  the  circulatar. 

4.2.2,  Set-up  Regarding  to  3.1.1.  Using  SSBSC  Homodyne  System 

Despite  its  high  dynamic  range  performance  and  its  in  principle  simple 
instrumentation  for  point  by  point  measurements  when  the  field  probe  is  moved  it  takes 
ji  large  effort  to  set  up  a  self-balancing  microwave  bridge  for  real-time  measurements. 

In  case  of  continuously  moving  the  probe  through  the  field  of  Interest  it  seems  very 
profitable  to  make  use  of  the  SSBSC  homodyne  system.  For  detailed  information  the  reader 
is  referred  to  an  exellent  survey  given  by  R.  J.  King  4  .  The  appropriate  Instrumentation 
using  this  single-sideband  modulation  technique  is  shown  in  Fig.  5. 
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Fig.  5  Instrumentation  with  SSBSC  Homodyne  System 

As  a  significant  difference  with  respect  to  Fig.  4  it  can  be  seen  from  Fig.  5  that  the 
coherent  11.0  GHz  signal  of  the  reference  channel  has  been  replaced  by  an  11.000001  GHz 
SSBSC  signal.  This  reference  signal  is  generated  by  feeding  a  small  signal  derived  from 
the  10  GHz  auxiliary  power  source  into  a  10  GHz  SSBSC-modul ator  and  mixing  the  output 
signal  up  to  11  GHz  with  help  of  the  test  signal.  As  for  the  design  of  an  effective 
SSBSC-modulator  operating  in  the  x-band  a  novel  approach  has  been  given  by  P.  G.  Brooker 
and  0.  0.  E.  Beyon  5  .  After  passing  the  hybrid  tee  (to  achieve  good  decoupling  of  both 
channels)  the  information  and  the  reference  signal  are  demodulated  into  the  1  kHz 
difference-frequency  signal  by  means  of  a  low-noise  detector.  To  give  a  high  sensivity 
the  detector  is  followed  by  a  narrow  band  active  RC-filter,  Finally  the  output  signal, 
which  in  contrast  to  (17)  reads  as 


^-r  (rr ©t^t)  Eu Ck (rM COS(&lmt  4*  (pn  i~  ^ r)  (18) 


where  k0  is  a  constant  and  <om  is  the  angular  frequency  of  the  demodulated  1  kHz  signal, 
is  given  to  an  amplitude  indicator  and  an  AF-phase  meter  to  read  out  the  desired  field 
quantities. 

4.2.3.  Set-up  Regarding  to  3.2.  for  Measurements  in  the  Very  Near  Field  of  Antennas 

As  mentioned  in  3.2.  steps  must  be  taken  to  eliminate  the  Influence  of  the 
unavoidable  back-scattering  of  the  antenna  under  test.  A  measurement  set-up  to  accomplish 
this  is  given  by  Fig.  6, 
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Fig.  6  Instrumentation  with  respect  to  the  presence  of  back-scattering 
from  the  antenna  under  test 

In  opposite  to  the  preceding  Instrumentations  two  seperate  linear  polarized 
horns  are  used  for  transmission  and  reception.  In  consequence  to  the  perpendicular 
orientation  of  both  horns  the  receiving  horn  may  be  arranged  to  become  decoupled  from 
the  transmitting  horn  In  the  order  of  40  -  50  dB.  Due  to  the  residual  coupling  and  to 
the  back-scattering  from  the  antenna  under  test  two  coherent  small  10  GHz  signals  will 
read  the  receiving  horn  Independently  of  the  position  of  the  scatter  probe.  Because  of 
remaining  unchanged  If  the  antenna  under  test  and  the  auxiliary  horn  are  fixed  these 
spurious  signals,  which  represent  the  falsifying  second  term  In  the  denominator  of  (16), 
can  be  eliminated  from  the  measuring  equipment,  If  an  appropriate  compensating  signal  1$ 
added  by  means  of  a  hybrid  tee.  There  needs  to  be  no  detailed  further  comment  on  the  rest 
of  the  Instrumentation,  except  that  there  are  two  seperate  SSU-modul ated  channels 
regarding  to  the  carrier  and  to  the  upper  sideband  of  the  required  scatter-signal. 

Finally  the  corresponding  output  signals  are  fed  Into  a  ratlometer  for  readout. 

At  least  It  should  by  emphasized  that  the  plane  of  polarization  of  the  scatter 
probe  and  that  of  the  horns  have  to  be  Inclined  by  45°, 

Extensive  Investigations  of  the  different  types  of  Instrumentation  are  on  test 
and  have  not  been  finished. so  far.  Thus  the  outstanding  final  results  will  be  object  to 
future  publication. 

5.  CONCLUSION 

The  scattering  technique  has  been  considered  to  be  that  measuring  method  for 
sampling  the  entire  field  characteristic  of  antennas  to  have  the  lowest  reactive  effect 
on  the  desired  field  distribution.  Based  on  this  technique  a  novel  scattering  method 
was  Introduced  that  makes  use  of  a  microwave  diode  scatterer  to  convert  the  required 
Information  of  the  field  characteristic  to  the  x-band,  where  It  can  be  transmitted  to  a 
remote  antenna  and  easily  separated  from  the  signal  of  the  antenna  under  test.  This 
method  happens  to  give  rise  to  errors  If  the  probe  Is  moved  to  the  vicinity  of  the 
antenna  surface  because  of  unavoidable  back-scattering  from  the  antenna  under  test.  In 
order  to  elemlnate  the  erroneous  back-scattering  Influence  an  evaluation  method  has  been 
suggested  which  relates  to  the  modulation  factor  of  the  scatter  signal,  e.  g.  the  ratio 
of  Its  carrier  to  Its  sideband  signal.  By  the  way  this  evaluation  method  removes  the 
most  significant  disadvantage  of  the  scattering  techniques  used  so  far,  that  Is  half  the 
dynamic  range  capability  of  the  direct  reading  probe  methods.  The  corresponding 
theoretical  background  has  been  discussed  and  three  measurement  set-ups  were  presented 
for  different  operational  conditions. 
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SUMMARY 


A  new  method  for  the  determination  of  the  curve  on  which  the  apparent  phase  centres  of  an  aircraft 
antenna  move  with  respect  to  the  aspect  angles  Is  presented  In  this  paper.  The  definition  of  the  apparent 
phase  centre  Is  discussed. 

The  test  equipment  Is  explained  by  means  of  a  schematic  diagram.  The  sources  of  error  of  the 
measuring  method  and  the  accuracy  of  the  approximation  method  for  the  analytical  determination  of  the 
phase  function  are  also  discussed. 

For  the  calculation  of  the  apparent  phase  centres  from  the  measured  data  an  ALGOL  computer  program 
was  developed. 

Finally,  the  development  and  the  optimization  of  the  radiators  meeting  the  requirements  Is  described 
1.  INTRODUCTION 

The  motive  for  this  work  was  the  problem  of  calibrating  the  Interferometer  of  the  Zentrale  Deutsche 
Bodenstatlon  (ZDBS)  (OTTL,  H. .  GOSSL.  H..  1972}. 

All  unpredictable  Influences  like  uneveness  of  the  ground,  mechanical  tolerances  etc.  are  eliminated 
by  the  calibration.  During  actual  measurements  the  results  will  be  corrected  using  the  calibration  data. 

The  position  In  space  of  a  flash  light  mounted  on  the  aircraft  seen  from  the  Interferometer  Is 
determined  by  a  photographic  measuring  system  supported  by  a  precision  radar, 

Ideal  conditions  would  exist  If  It  were  possible  to  construct  an  aircraft  antenna  so  that  the  phase 
centre  from  which  the  radiation  seems  to  emanate  Is  at  the  centre  of  the  flash  light  for  all  aspect 
angles.  To  obtain  the  desired  calibration  accuracy  for  the  Interferometer  for  a  distance  of  10  km  between 
aircraft  and  Interferometer  It  Is  necessary  to  know  the  position  of  the  apparent  phase  centre  to  an 
accuracy  o f  10  cm.  At  a  frequency  about  137  MHz  It  Isn't  possible  to  obtain  a  phase  centre  which  Is 
nearly  at  the  same  place  for  all  aspect  angles. 

For  the  calibration  of  the  Interferometer,  radial  and  circular  flights  are  required.  During  the 
flights  for  the  calibration  the  tame  profile  of  the  aircraft  Is  teen  by  the  Interferometer.  With  radial 
flights,  for  Instance,  only  the  phase  characteristic  of  the  section  through  the  longitudinal  axis  of  the 
aircraft  Is  of  Interest.  Due  to  the  different  Influences  of  the  ground  reflections  with  horizontal  or 
vertical  polarization  the  aircraft  antenna  shall  radiate  circular  polarization. 

Radiators  which  meet  the  electrical,  mechanical  and  flow  demands  are  the  erossed-slot  antenna  and 
the  Archlmedlan  spiral  antenna.  The  crossed-slot  antenna  Is  used  for  the  radial  flights. and  Is  aounUd 
In  the  middle  part  of  the  fuselage.  The  spiral  antenna  Is  used  fur  the  circular  flights  and  Is  mounted 
In  the  left  tip  tank.  Model  measurements  were  carried  out  on  a  one-tenth  scale  model  to  find  the  best 
possible  Installation  point  for  the  antennas  In  the  aircraft,  naamly  an  'English  Electric  Canberra', 
Because  of  the  physically  restricted  conditions  of  Installation  both  antennas  had  to  be  electrically 
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extended.  For  the  crossed-slot  antenna  this  was  realized  by  capacitive  reduction  of  the  slots.  The 
Archlnedlan  spiral  antenna  was  electrically  extended  by  using  a  dielectric. 

For  the  determination  of  the  curve  on  whlfch  the  apparent  phase  centres  move  with  respect  to  the 
aspect  angles  a  new  method  was  evolved.  In  an  Iterative  approach  the  shape  of  the  wave  front  Is  deter¬ 
mined.  As  the  wave  front  Is  known,  Its  evolute  (locus  of  the  apparent  phase  centre)  may  be  constructed 
with  the  help  of  differential  geometry.  The  method  permits  the  determination  of  the  wave  front  of 
radiators  with  large  aperture,  utilising  a  conventional  antenna  test  range  In  connection  with  a  phase 
measuring  system. 


2.  APPARENT  PHASE  CENTRES 


2.1.  Definition  of  the  Locus  of  the  Apparent  Phase  Centres  of  Radiators  on  Bodies 
of  Complicated  Structure 

If  the  wave  front  Is  approximated  by  the  surface  of  a  sphere,  normals  can  be  constructed  to  the 
surface  and  their  point  of  Intersection  Is  defined  as  the  radiator  phase  centre.  In  most  cases,  only 
In  particular  directions  may  the  wave  front  be  approximated  by  the  surface  of  a  sphere.  In  this  case, 
the  point  of  Intersection  of  the  normals  Is  called  the  'apparent  phase  centre'. 

For  radiators  which  are  mounted  on  bodies  of  complicated  structure  and  which  excite  the  body.  It  Is 
difficult  to  define,  even  for  small  zones  of  the  solid  angle,  an  apparent  phase  centre.  Depending  on  the 
aspect  angle  the  apparent  phase  centre  appears  to  move.  To  describe  this  phenomenon  apparent  phase 
centres  are  defined  for  Infinitesimally  small  zones  of  the  aspect  angle.  The  phase  centre  curve  Is 
obtained  by  connecting  all  the  apparent  phase  centres  for  various  angles. 

2.2.  Curvature  of  a  Surface,  Oeteiml nation  of  the  Main  Radii  of  Curvature 


For  a  plane  section  In  the  local  coordinate  system  of  a  radiator, the  curve  on  which  the  apparent 
phase  centres  move  depending  on  aspect  angle  Is  the  evolute  of  the  wave  front.  For  a  point  M  on  the  wave 
front,  the  apparent  phase  centre  Is  situated  at  the  centre  of  the  circle  of  curvature  for  the  point  M.  In 
the  general  case,  the  three  dlmeslonal  wave  front  at  the  point  N  may  not  be  approximated  by  the  surface 
of  a  sphere. 


Depending  on  the  section  chosen  through  M  on  the  three  dimensional  wave  front  different  centres  of 
curvature  and  radii  of  curvature  result.  Only  for  normal  sections  may  physically  significant  results  be 
obtained.  For  each  normal  section  through  N  a  different  apparent  phase  centre  occurs.  All  these  apparent 
phase  centres  lie,  however,  on  a  line  between  two  extreme  points,  the  so  called  main  radii  of  curvature. 
The  direction  from  which  the  radiation  at  the  point  M  emanates,  may  be  determined  by  taking  any  normal 
section  through  M  (see  figure  1). 


The  curvature  of  a  normal  section  C„__  Is: 

no  rui 
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Rj  and  R2  are  the  main  radii  of  curvature,  a  Is  the  angle  between  the  sections  C  and  Cj  (see  figure  2). 


3.  METHODS  FOR  DETERMINING  APPARENT  PHASE  CENTRES  FROM  MEASURED  DATA 

For  the  determination  of  apparent  phase  centres  there  are  two  basic  methods,  the  phase  reference 
method  and  the  Interferometer  method  (JONES,  I.L.,  1967).  With  the  phase  reference  method,  a  single 
receiving  antenna  Is  used,  the  phase  of  the  radiated  wave  being  compared  with  a  reference  signal  propa¬ 
gated  via  a  coaxial  cable  from  the  antenna  under  test  to  the  phase  measuring  receiver.  From  figure  3  It 
may  be  seen  that  this  method  Is  most  sensitive  to  movements  of  the  apparent  phase  centre  parallel  to  a 
line  Joining  the  model  and  the  phase  measuring  receiver. 

For  1  »»  d 

(2)  ^  d  sin  i 

holds. 
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Within  the  Interferometer  method,  the  relative  phase  of  the  signal  arriving  at  a  pair  of  antennas  Is 
measured.  The  Interferometer  method  Is  most  sensitive  to  movements  of  the  apparent  phase  centre  at  right 
angles  to  a  line  joining  the  antenna  under  test  and  the  interferometer  antennas  (see  figure  4). 

If  1  »  d 

(3)  af  m  d  sin  Y  COS  0. 

For  the  determination  or'  the  curve  on  which  the  apparent  phase  centres  move  with  respect  to  the 
aspect  angles  a  new  method  was  evolved.  The  method  permits  the  determination  of  the  wave  front  of 
radiators  with  large  aperture,  utilising  a  conventional  ar.tenna  test  range  In  connection  with  a  phase 
measuring  system. 

The  antenna  under  test  Is  mounted  on  a  dielectric  rotating  tower  (see  figure  s).  The  position  of  the 
antenna  under  test  with  respect  to  the  rotating  axis,  which  must  be  known  very  exactly,  Is  determined 
with  the  help  of  an  optical  system.  As  the  ground  reflections  and  the  back  scattering  from  obstacles  may 
be  neglected,  the  rotation  of  the  antenna  under  test  Is  analogous  to  a  movement  of  the  sonde  on  a  circle 
In  a  plane  perpendicular  to  the  axis  of  rotation  (see  figure  6).  The  phase  Is  measured  by  the  phase  refe¬ 
rence  method. 

If  the  antenna  under  test  has  a  fixed  phase  centre,  ana  If  this  phase  centre  Is  In  the  point  of 
rotation  (dimensional  problem),  the  relative  phase  Is  constant  In  the  whole  measuring  range. 

To  determine  the  curve  on  which  the  apparent  phase  centres  move,  the  wave  front  must  be  known.  From 
a  phase  diagram  measured  on  a  circle  with  radius  R,  centre  0,  (see  figure  6)  the  shape  of  the  wave  front 
In  the  plane  of  the  section  Is  obtained,  If  one  draws  from  each  measuring  point  the  equivalent  length  1 
for  the  relative  phase  In  the  direction  of  the  appropriate  apparent  phase  centre.  Providing  all  apparent 
phase  centres  seen  from  each  aspect  angle  a  are  within  a  not  too  large  angular  range  +  e,  the  wave  frort 
may  be  determined  In  an  Iterative  way.  To  a  first  approximation  the  lengths  corresponding  to  the  relative 
phase  are  drawn  In  the  direction  of  the  point  of  rotation.  This  wave  front  of  first  order  calculated  point 
by  point  Is  approximated  by  a  polynomial  using  the  least  squares  method.  The  locus  of  the  apparent  phase 
centres  of  first  order  Is  obtained  by  constructing  the  evolute.  In  the  next  Iterative  step,  the  1 
components  are  drawn  In  the  direction  of  the  apparent  phase  centres  of  first  order,  eo  obtaining  the  wave 
front  of  second  order.  The  convergence  of  the  method  Is  very  good  because  of  c  being  small  In  practical 
cases. 

4.  MATHEMATICAL  TREATMENT  OF  THE  PROBLEM 

For  the  approximate  reproduction  of  empirical  functions  whole  rational  functions,  polynomials,  are 
used.  Because  of  simple  mathematical  operations  the  polynomials  are  best  suitable  for  numerical  analysis. 
The  representation  of  a  function  by  means  of  a  polynomial  Is  possible  In  various  ways  (MEINARDUS,  G., 
1964).  One  kind  of  approximation,  which  Is  very  suitable  for  the  reproduction  of  empirical  functions,  Is 
curve  fitting  by  means  of  equalizing  polynomials.  The  desired  close  approximation  over  a  fixed  Interval 
is  achieved  for  a  minimum  of  the  sum  of  the  squares  of  the  deviations  (ZURMOHL,  R.,  1965). 

The  empirical  function  y  ■  f  (x)  or  r  ■  f  (a)  respectively  is  given  by  measured  data  y^  ■  f  (x^) 

(r^  »  f  (g^)).  These  values  of  the  function  are  subject  In  general  to  errors.  An  Interpolation  polynomial 
which  approximates  the  imperfect  values  y^  at  the  points  x^  exactly  Is  therefore  not  applicable.  The 
result  of  the  approximating  function  should  be  similar  to  a  hand-drawn  curve  which  suppresses  the 
fluctuations.  This  Is  obtained  with  the  aid  of  the  balancing  procedure.  The  order  of  the  polynomial  Is 
lower  than  the  number  of  measurement  values.  The  surplus  values  are  used  for  the  suppression  of  the 
fluctuations.  Correct  selection  of  the  order  of  the  polynomial  Is  essential. 

The  system  of  equations  for  the  determination  of  the  coefficients  of  a  second  order  polynomial 

(4)  y  (*)  •  *0  ♦  8j  x  +  a2  x2 


Is  derived  In  the  following. 


(5) 


The  sura  of  the  squares  of  the  deviations  of  all  ordinates 

N  -  2 

Q  =  i  (y,  -  yJ  =  mm. 

1=1  1  1 


shall  be  a  minimum,  therefore 


with 

(6)  77 '7  (Xi>  ■=  a0  +  il  Xl  +a2  *i2. 

From  the  three  necessary  conditions  for  (5) 


(7)  =  0  (j  =  0,  1,  2) 

and  the  derivations 

isy-j  a7i  »77  2 

1a^  =  l*  Tap  xi*  Tap  xi 

the  following  equations  are  obtained: 

?l^  =  E^-yi)  • 1  =  0 

7  Up E  -*i>  xi  =  0 

iHp £  (y? -  yi>  x,2  -  o. 

Or  with  the  usual  abbreviation  of  GauB,  representing  sums  by  means  of  brackets,  finally: 

N  aQ  +  £xl  ax  +  [xZ]  a2  =  [y] 

(S)  [x]  aQ  +  [x^  +  [x3]  a2  =  [xy] 

fx2]aQ  +  [x^jaj  +  [x^  a2  =  [x2y]. 

This  is  a  linear  system  of  equations  with  a  symmetrical  scheme  of  coefficients.  The  sums  are  extend 
over  the  N  observations  x^,  y^. 


The  explained  procedure  for  a  parabola  of  second  order  may  be  used  without  difficulty  for  polynomials 
of  arbitrary  order.  The  normal  equations  are: 


N  aQ  + 

(3 

•i  + . [*"] 

an  -  M 

(9) 

DO  ao + 

[x^l 

a1+ . Cxn+1l 

an  =  N 

[*"]  a0  + 

[x“  *  *1 

1  »,* . C*2nl 

*n  =  [A] 

After  curve  fitting  the  wa$e  front  points,  the  evolute  can  be  determined  with  the  following 
formulae  (BRONSTEIN,  I.N.,  1964): 


a)  cartesian  coordinates 


(10) 


xc  = 


.M 


f  (X) 


m . 


ii 

dx2 


y  + 


b)  polar  coordinates 


r  =  f  (a) 

_2  .  _i2. 


xr  =  r  cos  a  -  tr  +  Q  r‘  s.™  g] 

c  rc  +  2r -  rr' 1 


yc  =  r  sin  a 


-  (r2  +  r '*•)  (r  sin  a  -  r‘  cos  al 
r2  +  2r'2  -  rr' ' 


(11) 
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*c  and  yc  art  tha  coordinates  of  the  contras  of  curvature. 

5.  TEST  EQUIPMENT,  COMPUTER  PROGRAM 

The  measurement  of  the  phase  diagrams  and  the  directivity  of  the  Investigated  antennas  wea  carried 
out  on  antenna  test  range  2  of  the  Instltut  fUr  Flugfunk  und  Mlkrowellen  of  the  OFVIR  on  a  one-tenth 
scale  Model  (see  figure  7)  (MATTES,  H.,  1972).  The  block  dlagran  of  the  test  equl patent  for  the  measure- 
nent  of  the  relative  phase  and  the  directivity  of  an  antenna  Is  shown  In  figure  8. 

For  the  calculation  of  the  position  of  the  apparent  phase  centres  depending  on  aspect  angles  an 
ALGOL  cotaputer  program  was  written  (SCHROTT,  A.,  FORSTER,  H. ,  1973). 

6.  SOURCES  OF  ERROR 

The  method  of  the  determination  of  the  apparent  phase  centres  from  the  phase  characteristic  Is  very 
sensitive  to  phase  errors,  For  Instance  a  phase  error  of  1°  at  the  frequency  of  1.37  GHz  between  two 
measuring  points  with  an  aspect  angle  difference  of  5°  causes  an  error  of  7  mm  in  the  lateral  coordinate 
of  the  apparent  phase  centre. 

Sources  of  error  are:  ground  reflections,  reflections  from  the  dielectric  tower,  the  model  attach¬ 
ment  and  the  phase  reference  cable,  vibrations  of  the  tower  and  changes  In  the  cable  delay  because  of 
temperature  fluctuations. 

The  accuracy  of  the  analytical  construction  of  a  function  known  point  for  point  Is  shown  by  means 
of  two  mathematical  models.  Figure  9  represents  the  evolute  of  the  approximated  curve  of  a  calculated 
wave  front  of  ».  point  source  with  the  coordinates  x  •  8.66,  y  «  -5  (cm).  The  transient  errors  In  the  approxi¬ 
mated  curve  are  clearly  seen.  To  avoid  transient  errors  In  the  actual  zone  of  aspect  angles,  overlapping 
zones  are  added  to  this  zone.  Figure  10  represents  the  evolute  of  an  elliptical  wave  front.  The  marked 
points  are  the  nominal  values. 

The  use  of  polynomials  with  the  order  n  >.  15  leads,  due  to  the  restricted  accuracy  of  the  computer 
(for  short  computer  time  single  precision  was  used)  to  numerical  problems  so  that  the  maximal  order  of  the 
polynomials  used  was  14.  For  the  approximation  of  phase  characteristics  with  numerous  points  of  Inflection 
due  to  the  limitation  of  the  order  of  the  polynomials  the  actual  zone  must  be  subdivided. 

7.  AIRCRAFT  ANTENNAS  FOR  THE  CALIBRATION  OF  THE  ZD6S  INTERFEROMETER 

For  the  calibration  of  the  Interferometer  of  the  "Zentrale  Deutsche  Bodenstatlon"  (ZOBS)  In  Wei  1- 
helm-Llchtenau  w<th  the  help  of  an  aircraft  special  antennas  for  the  frequency  range  136  -  138  MHz  were 
developed  and  optimized. 

Due  to  the  different  Influences  of  the  ground  reflections  with  horizontal  or  vertical  polarization, 
the  aircraft  antenna  shall  radiate  circular  polarization.  Radiators  which  meet  the  electrical,  mechanical 
and  flow  demands  are  the  crosscd-slot  antenna  and  the  Archlmedlan  spiral  antenna.  The  crossed-slot 
antenna,  which  Is  mounted  In  the  middle  part  of  the  fuselsge,  Is  used  for  the  radial  flights  and  the 
Archlmedlan  spiral  antenna,  which  Is  mounted  In  the  left  tip-tank,  for  the  circular  flights.  The  models 
of  the  crossed-slot  antenna  and  the  Archlmedlan  spiral  are  shown  In  figures  11  and  12. 

Model  measurements  were  carried  out  on  a  one-tenth  scale  model  to  find  the  best  possible  Installa¬ 
tion  point  for  the  antennas  In  the  aircraft,  namely  an  'English  Electric  Canberra1  (see  figure  13). 

Because  of  the  physically  restricted  conditions  of  Installation  both  antennas  had  to  be  electrically 
extended.  For  the  crossed-slot  antenna  this  was  realized  by  capacitive  reduction  of  the  slots.  The 
Archlmedlan  spiral  antenna  was  electrically  extended  by  using  a  dielectric.  In  figures  14  and  IS  sketches 
of  the  crossed-slot.  antenna,  the  Archlmedlan  spiral  antenna  and  their  feed  networks  are  shown. 

The  crossed-slot  antenna  can  be  matched  with  the  following  methods: 

Change  of  the  position  of  the  feed  points.  Increasing  capacitive  reduction  of  the  slots  and  variation  of 
the  depth  or  the  resonator  (the  other  dimensions  of  the  resonator  are  physically  restricted).  The  antenna 
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ms  matched  so  that  the  bandwlth  of  th«  antenna  was  a  maximum,  the  depth  of  the  resonator  a  minimum  and 
the  adjustment  of  the  capacitive  loads  and  the  feeding  points  uncritical. 

For  good  circular  polarization  the  ends  of  the  Archlmedlan  spiral  antenna  are  terminated  with  a 
matched  load.  The  optimum  phase  difference  between  both  arms  of  the  antenna  Is  achieved  by  adjusting  a 
phase  shifter  at  the  feed  point.  The  energy  radiated  from  the  back  Is  absorbed  with  a  high  quality  broad 
bano  absorber  material.  Therefore  the  depth  of  this  antenna  1$  also  very  small. 

In  the  centre  of  both  antennas  the  flash  light  for  the  optical  ranging  system  will  be  mounted. 

The  coordinate  system  for  the  representation  of  the  radiation  patterns  Is  shown  In  figure  16.  For 
radiation  patterns  of  the  crossed-slot  antenna  see  figures  17  -  22.  The  radiation  patterns  of  the  Atchl- 
medlan  spiral  antenna  are  presented  In  figures  36  -  41.  The  beam  of  the  Archlmedlan  spiral  antenna  locks 
upwords  to  compensate  the  average  roll  angle  of  the  aircraft  In  the  circular  flights. 

The  coordinate  systems  for  the  representation  of  the  phase  characteristic  and  the  apparent  phase 
centres  are  shown  In  figure  23  (crossed-slot  antenna)  and  figure  42  (Archlmedlan  spiral  antenna).  For  the 
crossed-slot  antenna,  the  origin  of  the  coordinate  system  Is  In  the  point  of  Intersection  of  the  slots. 
For  the  Archlmedlan  spiral  antenna  the  origin  of  the  coordinate  system  Is  In  the  feed  point  of  thli 
antenna. 

In  figures  24  -  35  the  measured  phase  characteristic,  the  ppproxlmated  phase  characteristic  and  the 
x-  and  y-components  of  the  apparent  phase  centres  of  the  crossed-slot  antenna  for  the  polarizations  E„ 

q  ®  • 

E#  and  left-hand  circular  are  presented  (great  circle  section  *  «  0 ).  The  normalized  electrical  field 
strength  Is  drawn  on  a  linear  scale. 

In  the  figures  43  -  54,  the  approximated  phase  characteristic  and  the  x-  and  y-components  of  the 
apparent  phase  centres  of  the  Archlmedlan  spiral  antenna  for  the  polarizations  E^,  E.  and  left-hand 
circular  are  presented  (great  circle  sections  8  ■  90°  for  figures  43  -  51  and  *  ■  90®  for  figures  52  - 
54).  In  contrast  to  the  crossed-slot  antenna,  because  of  mechanical  restrictions  of  the  positioner,  the 
centre  of  rotation  was  not  In  the  origin  of  the  coordinate  system. 

In  the  actual  zones  of  the  aspect  angles  for  the  calibration 
(115°  *  9  <_  135°,  *  -  0°  crossed-slot  antenna, 

60°  <_  *  <_  100°,  e  ■  90°  Archlmedlan  spiral  antenna) 
the  movement  of  the  apparent  phase  centre  is  relatively  small. 

8.  CONCLUSIONS 

The  position  of  the  apparent  phase  centres  wltn  respect  to  the  aspect  angle  of  two  aircraft  antennas 
for  the  calibration  of  the  Interferometer  of  the  "Zentrale  Deutsche  Bodenstatlon'*  was  determined.  For  the 
analysis  of  the  measuring  data  a  computer  program  was  written.  For  the  determination  of  the  curve  on  which 
the  apparent  phase  centres  move  with  respect  to  the  aspect  angles  a  new  method  was  evolved.  In  an  Itera¬ 
tive  approach  the  shape  of  the  wave  front  Is  determined.  As  the  wave  front  Is  known  Its  evolute  may  be 
constructed  with  the  help  of  differential  geometry. 

Two  special  aircraft  antennas  were  developed  and  optimized.  Model  measurements  were  carried  out  on  a 
one-tenth  scale  model  to  find  the  best  possible  Installation  point  for  the  antennas  In  the  aircraft, 
namely  an  "English  Electric  Canberra".  The  achieved  directivity  as  well  as  the  position  of  the  apparent 
phase  centres  with  respect  to  the  aspect  angles  Is  satisfactory. 
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Fig, 23  Coordinate  system  for  the  representation  of  the  apparent  phase  centres  of  the  crossed-slot  antenna 
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Fig  30  Y-componem  of  the  apparent  phase  centres,  polarization  E.t, 
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Fig.31  X-coirponent  of  the  apparent  phase  centres,  polarization  E^ 
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Relative  phase  and  field  strength  with  respect  to  the  aspect  angles,  left  hard  polarization 
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Fig, 33  Approximated  phase  diagram,  left-hand  polarization 
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Fig.34  Y-component  of  the  apparent  phase  centres,  left-hand  polarization 
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Fig, 35  X-component  of  the  apparent  phase  centres,  left-hand  polarization 
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Fig.40  Great  circle  section  0  =  90  , 
left-hand  polarization 


Fig.41  Great  circle  section  4>  =  90°  , 
left-hand  polarization 
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Fig.42  Coordinate  system  for  the  representation  of  the  apparent  phase  centres  of  the  Archimedian  spiral  antenna 
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Fig.43  Approximated  phase  diagram,  polarization  E@  ,  section  @  =  90° 
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Fig. 44  Y-component  of  the  apparent  phase  centres,  polarization  ,  section  ©  =  90° 
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Fig. 45  X-component  of  the  apparent  phase  centres,  polarization  Ey  ,  section  0  -  90' 
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Fig.49  Approximated  phase  diagram,  left-hand  polarization,  section  0  =  90° 


Fig. 50  Y-eomponent  of  the  apparent  phase  centres,  left-hand  polarization,  section  0  =  90° 


Fig. 51  X-con<ponent  of  the  appatent  phase  centres,  left-hand  polarization,  section  0  ~  90' 
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DISCUSSION 
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0FF-B03ESIGHT  ANGLE  ESTIMATION 
W I TH  A  PHASE  COMPARIS ON  MONOP U  LSESYSTE M 


W.  Sander 

Forschunesinstitut  fUr  Funk  und  Mathematik 
D  S307  Wachtberg-Werthhoven ,  Kbnigstr.  2 
Germany 


SUMMARY 


This  paper  deals  with  the  problem  of  estimating  the  angle  of  arrival  with  a 
phase  comparison  monopulse  (PCM)  system  in  the  presence  of  internally  generated  thermal 
noise.  A  maximum  likelihood  analysis  produces  the  form  of  the  estimate  which  does  not 
differ  essentially  from  that  found  earlier  for  an  amplitude  comparison  monopulse  (ACM) 
system.  In  deriving  the  probability  density  function  (pdf)  of  the  estimate,  no 
approximations  of  the  nonlinear  monopulse  error  curve  are  made.  Therefore  mean  and 
variance  of  the  estimate  computed  by  numerical  integration  are  valid  at  any  signal- 
noise-ratio  (SNR)  and  at  any  angle. 

The  bias  of  the  estimate  at  low  and  moderate  SNR  is  higher  than  known  by  other 
theories.  A  computer  simulation  proves  the  correctness  of  the  results. 

A  comparison  between  radar  and  passive  beacon  tracking  mode  is  made,  and  the 
problem  of  bidimensional  angle  measurement  is  mentioned. 


1.  INTRODUCTION 

At  the  Forschungsins ti tut  fOr  Funk  und  Mathematik  (FFM)  an  experimental, 
ground-based,  electronic  radar  system  (ELRA)  is  designed  and  set  up  with  the  emphasis 
on  the  signal  processing  area.  This  project  includes  both  the  hardware: 

-  the  electronic  antenna  (ELAN)  consisting  of  separate  active  transmitting 
and  receiving  phased  arrays  in  the  S-band, 

-  the  common  phase  shift  arithmetic  unit, 

-  coherent  and  incoherent  signal  processors,  e.g.  doppler  filter  and 
sequential  detector, 

-  two  process  control  computers  TELEFUNKEN  TR86, 

-  the  main  computer  SIEMENS  4004/150, 

-  units  for  control  and  maintenance, 
and  the  software: 

-  automatic  test  and  diagnostic  routines, 

-  search,  acquisition  and  track  procedures, 

-  air-traffic  records,  and  synthetic  air-traffic  displays. 

The  active  antenna  ELAN  has  the  following  design  features  which  have  been 
presented  in  dotail  by  WIRTH  (1972).  The  transmitting  antenna  can  be  characterized  by 

-  S00  printed  folded-dipoles  which  are  located  on  a  circular  l/2-grid  with  a 
diameter  of  about  43  X  in  a  space-taper  configuration  (SdNTGERATH ,  1973), 

-  disc-seal  triode  amplifiers  with  700  watts  peak  pulse  power  each, 

-  3  bit  PIN-diode  phase  shifter 

-  constrained  feed. 
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The  receiving  antenna: 

-  1300  channels  consisting  of  a  dipole  followed  by  a  balanced  schottky  diode 
mixer,  a  low-noise  iF-amplifier,  a  3  bit  phase  shifter  and  a  quadrature 
synchronous  detector, 

-  five  sum  beams  which  are  independently  steerable  by  time  multiplex  switching 
in  the  search  mode, 

-  a  cluster  of  coherently  formed  beams  (sum  and  difference)  in  the  track  mode. 

A  small  version  of  the  antenna  with  25  transmitting  and  39  receiving  elements 
(ELAN  25/39)  has  been  driven  successfully.  It  has  been  described  by  GROGER  (1972)  and 
served  mainly  to  test  the  components  and  their  co-operation.  The  system  will  be  expanded 
to  100/100  elements  till  the  end  of  the  year.  Figure  1  shows  the  antenna  cabins  and  the 
building  which  contains  the  signal  processing  units  and  the  computers. 

The  antenna  is  to  be  used  in  an  open-loop  tracking  scheme  so  that  the  question 
of  the  off-boresight  angle  measurement  accuracy  arises.  Literature  on  this  subject  is 
sparse  especially  on  PCM  systems.  The  problem  has  been  treated  here  in  a  more  general 
way  so  that  the  results  are  extendable  to  other  systems. 


1.1  Some  preliminaries 

The  cosines  (u,v)  of  the  angles  between  the  direction  of  an  incoming  signal  and 
the  axis  of  a  Cartesian  co-ordinate  system  (x.y),  which  is  based  on  the  plane  of  the 
aperture,  have  been  chosen  as  angular  co-ordinates.  That  has  the  advantage,  that  the 
beamwidth  expressed  in  these  direction  cosines  does  not  change  if  the  direction  of  the 
phased  array  is  scanned  away  from  the  antenna  normal.  All  numerical  results  are 
normalized  to  the  3dB-beamwidth  of  the  sum  beam.  To  get  the  informations  in  other 
co-ordinate  systems,  e.g.  azimuthand  elevation,  the  known  transformation  formulas  have 
to  be  used  (e.g.  VON  AULOCK,  1960). 

The  problem  of  angle  measurement  has  been  restricted  to  the  unidimensional  case. 
Deviations  with  bidimensional  angle  measurements  are  discussed  at  the  end  of  the  paper. 

By  "boresight"  the  electrical  direction  of  the  antenna  is  meant,  which  is  given 

by  the  zero  of  the  difference  beam  resp.  by  the  peak  of  the  sum  beam  and  which  may  not 
correspond  to  the  physical  normal  of  tne  aperture  of  a  phased  array.  Consequently 
off-boresight  angles  are  those  which  differ  from  this  direction  but  lie  within  the  main 
beam  of  the  sum  pattern. 

Numerical  results  are  presented  for  the  beacon  track  mode,  that  is,  only  the 

parameters  of  the  receiving  antenna  are  used.  At  the  end  of  the  paper  the  radar  working 

mode  is  discussed. 


2.  ANGLE  MEASUREMENT 
2.1  Coherent  beam  forming 

At  the  output  of  each  channel  of  the  receiving  antenna  the  in-phase  zc  and 
quadrature  z«  components  of  the  received  signal  are  available.  By  summing  them  with  equal 
weights  the  In-phase  sc  and  quadrature  ss  components  of  the  sum  signal  are  generated. 

sc  Zc.  =  SM  Ac  or/  +  ni  (la) 


wl  th 


>5 


Zs.  -  S(u/  A  sm'f  *  "i 


(lb) 


A  ■  magnitude 
'f  ■  phase 


of  the  received  signal 


N  ■  number  of  elements 


S(u)  • 

u  ■ 


n1  >n2 


real  one-way  sum  pattern 
direction  cosine 

noise  samples  generated  by  thermal  noise. 
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1 


The  main  region  of  the  sum  pattern  may  be  approximated  by 


5  (u) 


Sin(CiU 


(2) 


with 


signal 


c,u 

c,  =  2.78 

Variable  weights  are  used  to  form  the  components  dc  and  ds  of  the  difference 


dc  *4t  L  c,  zc;  -  -  D(u)  A  sin  Y  +  n3 

A  £ 

d$  *  #  L  c;  z s;  =x  D(u)  A cosY  + 


M 


(3a) 

(3b) 


with 


D(u)  ■  real  one-way  difference  pattern. 


A  phase  shift  of  tt /2  occurs  between  sum  and  difference  signal.  The  optimum 
weighting  factors  cj  have  been  found  by  ML  analysis.  They  are  proportional  to  the 
distance  of  the  antenna  element  from  the  co-ordinate  axis  and  normalized  so  that  sum 
and  difference  beams  give  the  same  noise  power  output.  BRENNAN(1 962)  has  derived  it  in 
the  special  case  of  a  linear  array  with  equally  spaced  elements. 


C;  = 


Xi 


1  ^  yf  x^«  co-ordinate  of  the  i-th  element 

The  main  region  of  the  difference  pattern  may  be  approximated  by 


(4) 


with 


D(u) 


A  -  cos(ctu) 
d  u 


c*  »  3.2  V 


(5) 


This  manner  to  get  the  difference  signal  belongs  to  the  phase  comparison  monopulse 
system.  Since  all  antenna  elements  are  arranged  with  their  electrical  axis  parallel,  an 
incoming  signal  causes  the  same  amplitudes  at  all  channel  outputs  but  different  phase 
shifts,  which  contain  the  angle  information.  Using  a  high  number  of  elements,  the  main 
disadvantage  of  a  PCM  system,  namely  the  sensitivity  against  relative  phase  shifts 
occuring  in  the  mixer  and  IF-amplifier  stages  of  the  individual  channels,  has  been 
avoided. 

The  four  components  of  the  sum  and  difference  signal  are  combined  to  produce  the 
normalized  difference  signal  P. 


Se  dj  -  s  s  dc 


The  signal  w  is  corrupted  by  noise. 

\v  =  w  +  rij 

with  w  ■  w(u)  « 

w  is  an  odd  function  of  the  off-boresight  angle  u  and  has  a  pole  at  the  first  zero  of 
the  sum  beam.  Due  to  this  pole  the  slope  of  the  function  becomes  steeper  with  increasing 
angle. 


2.2  The  angle  estimation  procedure 

A  ML  analysis  demands  to  vary  the  angular  position  of  the  antenna  until  the 
normalized  difference  reaches  zero.  This  very  angle  0  is  the  ML  estimate  in  the  case  of 
a  single  hit  system  with  amplitude  and  phase  of  the  received  signal  unknown. 


(6) 


(7) 

(8) 


Wiu)  =  0 

u  *  0 


(9) 


s 

I 


i 

I 


This  procedure  is  unbiased  but  proves  to  be  a  closed-loop  system  which  should  be 
excluded  in  this  analysis. 

A  suboptimum  procedure  uses  the  relationship  between  the  normalized  difference 
signal  and  the  of f-boresight  angle. 


u  =  f  (  \fr) 


(10) 


In  the  vicinity  of  the  boresight  (10)  may  be  approximated  by  a  straight  line 


U  =  ki  w  (11) 

or  at  greater  of f-boresight  angles 

(j  =  Ki  u>  ( 1  +  K2  w2  )  (12) 

with  ki,  k£  constants. 

In  an  analog  manner  the  sum  beam  function  (2)  is  replaced  by  a  constant  that 
does  not  take  into  account  the  decrease  of  the  SNR  when  the  target  moves  away  from 
boresight.  The  estimate  given  by  (11)  or  (12)  is  optimum  only  at  w*o  that  is  for 
targets  which  happen  to  be  at  or  near  boresight. 

With  ELAN  it  is  possible  to  form  squinted  sum  beams  by  suitable  choice  of  the 
weighting  function  of  the  beam  forming  network  to  simulate  an  ACM  system,  too.  In  this 
case  the  ML  estimator  has  essentially  the  same  form  found  in  the  PCM  case  with  the 
difference  that  the  components  of  the  beams  are  no  longer  independent  variables.  The 
normalized  correlation  coefficient  depends  on  the  beam  forming  weighting  function  and 
decreases  with  increasing  squint  angle.  It  amounts  about  0.77  at  a  squint  angle  of 
0.5  bw  (resp.  0.3  at  1.0  bw)  and  may  not  be  neglected.  In  the  PCM  case  the  weighting 
functions  are  orthogonal  resulting  in  a  negligible  small  correlation. 

So  the  results  of  this  PCM  system  may  be  compared  with  those  found  by  MOSCA  (1968), 
who  analysed  an  ACM  system  with  no  correlation  between  the  beams.  But  compared  to  that 
work  we  succeeded  in  deriving  the  pdf  of  the  estimate  what  gives  more  precise  results 
in  determining  mean  and  variance  of  the  estimate. 


2.3  The  probability  density  function  of  the  estimate 

At  first  we  derive  the  pdf  of  the  normalized  difference  signal  $,  which  is 
equivalent  to  the  pdf  of  the  off-boresight  angle  estimate  0,  if  (11)  is  used  as  angle 
estimator. 

The  four  noise  samples  of  the  components  of  sum  and  difference  signals  are  real, 
independent,  Gaussian,  random  variables  with  zero  mean  and  equal  variance  o  .  Therefore 
the  joint  probability  density  function  of  the  components  conditioned  on  a  signal  source 
being  at  an  angle  u  is  given  by 

/■rill)  4  rxnf  (sc~S'Acosf)  +(ss - SA i'mf f+  (de  +DAs inf )  +  (ds~ DAcosf)2 
Pl(sc,ss,dc,dslu)=(^)T-exp^  ^  - 


(13) 

We  transform  these  variables  into  an  other  space  by  the  following  one-to-one 
mapping. 

Wi  =  Sc 
w2  ~  Sj 

v/j  =  dc 

w  =  IlJc 

h 1  +  hL 


(14) 
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The  inverse  transformation  formulas  are: 

$c  *  VVi 

%  =  w2. 

<^c  -  Wj 

j  _  W2  Wa  -»•  w  -f 
5  "  W, 


The  Jacobian  J  of  (IS)  is  simply 
— t  _  lads  I  WS  + 


The  joint  probability  density  functions  of  the  old  and  new  variables  are  related 
by  (DAVENPORT,  ROOT,  1958) 

P2  ('■Vf ,  .  IVj  ,  W  |  w  )  =  |  3  I  ■  P<\  (  sc”  IVi  ,  Ss  ”  wx  ,  de  *  Wj  ,  dj  =  —.l-'dl*  +  w*  1  ) 


To  get  the  wanted  pdf  of  w  we  must  carry  out  an  integration 


P3  (  w  I  tv)  13  I  P2  (  1  ^2  1  ^3  ,  ^  I  w  )  dn/j  dwj 


From  (18),  (17),  (16),  and  (13)  we  find  after  some  tedious  calculations 


Pj  (  W  I  W  ) 


exp  (  t-  ?'  ) 
2(1  +  w)i5 


I0(t)  +(Zt+  f'w2)[l0(t)  +1^(0]}  09) 


where 


r  =  o. 


s  WllU 
1 4  + 


W  w)  2 


I..L,  =  modified  Bessel  functions  of  order  zero  and  one 

JL  =  SNR  at  the  top  of  the  sum  beam 
2s* 

f'sr  f  SJ(u)  =>  SNR  at  the  actual  angle  u 

A  second  unidimensional  transformation  leads  to  the  wanted  pdf.  If  we  use  the 
linear  approximation  method  (11),  the  pdf  is  merely 


(  0  I  u)  -  jr  p3  (  W  *  6/ ki  I'W  =  u/ki  ) 


I f  we  want  to  know  the  exact  pdf  of  u  without  any  approximation  the  complete 
relationship  (10)  has  to  be  used.  In  general  this  function  is  unknown,  but  we  know  the 
inverse  function 


w  =  g  (u) 
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The  difference  signal  w  is  a  single  valued  ,  nonlinear,  but  differentiable  function 
of  u.  These  properties  are  sufficient  to  compute  the  pdf  of  u  by  the  following  formula. 

ps{u  I  u  )  ~  P3  (  A  =  g  (l)  )  |  w  =  g  (  u )  ) 

a  U 

This  pdf  has  been  plotted  in  figure  2  for  a  target  at  different  positions  with  a 
SNR  =  6dB  at  boresight.  We  used  the  exact  sum  and  difference  beams  of  the  above  mentioned 
small  version  of  ELAN  with  39  receiving  elements  which  can  be  represented  by  (2)  and  (S) 
with  a  good  accuracy.  So  other  antennas  with  sin  x/x  patterns  will  obtain  comparable 
results . 

The  pdf  becomes  more  and  more  unsymmetrical  at  increasing  off-boresight  angle  with 
a  decreasing  maximum.  The  most  probable  angle  does  not  correspond  to  the  actual  angle. 
Figure  3  shows  how  the  unsymmetry  decreases  while  the  SNR  increases. 

The  form  of  the  pdf  remembers  the  pdf  MOSCA  ((968,  fig  1)  has  plotted,  which 
corresponds  to  the  pdf  of  the  ratio  of  two  Gaussian  random  variables. 


2.4  Mean  cf  the  estimate 

Mean  and  variance  of  the  estimate  can  be  found  by  computing  the  first  (23)  and 
second  (24)  moment 


B  {  u  ]  =  J  0  p  {  0  J  u  )  cl  u 


“Omax 
Umax 


E { u2j  -  ^  u 2  p(u  iu  )  du 


( 23) 


(24) 


~i/_ 


The  limits  of  integration  are  given  by  the  first  zero  of  the  sum  beam  where  the 
normalized  difference  signal  has  a  pole 


U 


4.  1  8 


(25) 


These  moments  could  not  be  derived  analytically  but  due  to  the  pood-natured 
behaviour  of  the  integrand  a  calculation  bv  numerical  methods  is  possible  without 
difficulty.  So  we  can  avoid  the  usual  trouble  in  finding  a  measure  of  dispersion  which 
arises  when  the  pdf  is  unknown. 


At  low  and  moderate  SNR  the  estimate  is  biased  at  off-boresight  that  is,  the  mean 
of  the  angles  estimate  differs  from  the  actual  angle  by  the  bias  b-j 


ba  -  u  -  E{  Qj 


(26) 


This  bia^  has  been  computed  by  use  of  (26),  (23)  and  (22)  and  plotted  in  figure  4. 

It  shows  the  growth  of  the  bias  of  an  o»*boresi ght  target  with  a  distinct  SNR  when  it 
moves  eff-boresight.  To  prove  the  correctness  of  these  results  a  computer  simulation 
has  been  performed.  Crosses  represent  values  found  by  s  simulation  with  1000  trials. 

At  this  small  number  of  trials,  which  could  not  be  increased  by  reason  of  lacking 
computing  time,  the  properties  of  the  internally  generated  random  variables  do  not  yet 
tgree  exactly  with  the  imagined  normal  variables,  though  the  correlation  between 
computed  and  simulated  values  is  good.  In  spite  of  the  le«s  precise  results  the  simulation 
consumes  much  more  computing  time  than  the  numerical  calculation. 

MCSCA  (1968)  has  computed  the  bias  of  the  estimate  in  the  linear  approximation 
case  (11). 


b$  *  u  exp  L  ~ 


(27) 


This  and  the  exact  computed  function  are  compared  in  figure  5.  By  changing  the  SNR 
in  (27)  both  turves  can  be  made  coinciding  over  a  sufficiently  great  range 


o;  -  u  exp 


t -t"J 


(28) 


with 


/'  =  f’S  (u)-  f  (<j) 
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The  first  term  takes  into  account  the  decrease  of  the  SNR  at  the  sum  beam,  the 
second  term  depends  on  the  nonlinearity  of  the  normalized  difference  signal.  From  figure 
S  we  find 


r  =  ? 


5  2  dB 
(V  dB 


ai. 


(C.  1 

u  "Jo.  5 


At  SNR  *-10  dB  the  angle  information  has  been  almost  totally  suppressed.  This 
confirms  the  known  rule  to  increase  the  SNR  by  integrating  the  signals  of  several  hits 
and  then  to  estimate  the  angle  rather  than  to  integrate  the  angle  estimates  of  several 
hits. 


2.S  Variance  of  the  estimate 

The  variance  of  the  estimate  increases  at  off-boresight,  too  (fig. 6}.  The  Cram£r- 
Rao  lower  bound  of  the  ML  estimate  is  given  by 


with 


tfrt  - - - 

“  K  3][2f 

Ks  «  C2  /2  ~1.62 


(29) 


From  this  we  would  deduce  that  at  u  *  O.S  where  the  SNR  is  halved  the  variance 
would  be  increased  by  the  factor  YT  .  But  due  to  the  nonlinearity  of  w  this  increase 
is  smaller.  Crosses  represent  again  values  of  the  computer  simulation. 

The  variances  of  both  methods  are  compared  in  figure  7  with  the  Cram^r-Rao  lower 
bound  (29).  In  the  case  of  u  *  0  this  lower  bound  is  reached  for  SNR  >  4dB.  At  u>0 
the  same  relation  is  valid  if  the  SNR  is  changed  taking  account  of  the  declining  SNR  at 
off-boresight  and  the  nonlinearity  of  the  difference  signal. 


a 


u 


1 

K  3  vTr 


with  tho  empiric  magnitude  of 


(30) 


/"  -  /  - 


O'!  dB 
2.3  dB 


ai 


u  = 


o.  1 

0.5 


At  a  SNR  <4  dB  the  signa-  compression  effect  begins,  and  no  simple  relationship 
between  the  variance  on  the  one  hand  and  SNR  t<nd  off-boresight  angle  on  -he  other  hand 
could  be  found. 


3.  EXTENSION  TO  OTHER  SYSTEMS 

3.1  Radar  mode 

In  chapter  2  only  the  properties  of  the  receive  antenna  have  been  considered. 
Therefore  the  results  are  valid  in  those  coses  where  the  power  reradiated  by  the  signal 
source  does  not  depend  on  the  direction  of  the  receiving  antenna,  for  instance 

-  in  tracking  an  active  source  (beacon), 

-  bistatic  radars, 

-  monostatic  radars  with  a  considerably  broader  sum  beam  of  the  transmitting 
antenna 

-  monostatic  radars  with  independly  steerable  receiving  and  transmitting  beams 
the  latter  being  fixed. 

In  a  normal  monostatic  radar,  where  receiving  and  transmitting  antenna  look 
into  the  same  direction,  the  SNR  is  worsened  additionally  by  the  influence  of  the 
transmitting  antenna.  In  equations  (1)  and  (3)  the  one-way  gain  patterns  of  the 
receiving  antenna  have  to  be  multiplied  with  that  of  the  transmitting  antenna. 
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s  =  Sr  S« 
D  -  Sr  Dk 


(31) 


with  Sj  =  sum  beam  of  the  transmitter 

SR  *  "  ”  "  "  receiver 

DR  *  difference  beam  of  the  receiver 


When  forming  the  ratio  (6)  we  get  the  same  normalized  difference  signal  as  in 
the  beacon  mode  for  Sy  can  be  reducted.  The  only  difference  is  the  more  rapid  decay 
of  the  SNR  at  off-boresight  angles.  But  if  we  take  account  of  the  fact  that  the  total 
3dB-beamwidth  of  both  antennas  is  smaller  than  the  beamwidth  of  a  single  antenna  and 
that  all  numerical  results  are  related  to  this  beamwidth  we  can  transfer  all  results 
into  the  radar  mode  without  change.. 

3.2  Bidimensional  angle  measurement 

By  forming  a  second  orthogonal  difference  beam  a  bidimensional  angle  measurement 
is  possible.  The  correlation  between  both  the  angle  estimates  is  very  small  so  that  their 
variances  may  be  summed  by  vector  addition.  The  sum  beam  has  a  radial  pattern  so  that 
the  SNR  associated  with  the  sum  pattern  depends  on  both  angles  u  and  v.  The  previous 
results  are  valid  only  in  the  case  v»o.  For  vjo  the  definition  of  the  SNR  in  (19)  must 
be  changed  to 


?'=  ?  S  (Yu2  v-1  ) 


4.  CONCLUSION 

The  nonlinearity  of  the  normalized  difference  signal  increases  the  bias  and 
decreases  slightly  the  variance  at  off-boresight  angles. 

To  determine  the  bias  of  the  estimate  an  earlier  known  relation  (28)  between 
bias,  angle,  and  SNR  may  be  used.  The  inserted  SNR  must  be  reduced  by  two  terms.  One 
term  takes  account  cf  the  worsened  SNR  of  the  sum  beam  at  cff-boresight  angles,  the 
other  of  the  above  mentioned  effect. 

At  SNR  >  4dB  the  variance  of  the  estimate  is  given  by  the  Cram^r-Rao  lower 
bound  (30).  At  off-boves ight  angles  the  inserted  SNR  has  to  be  changed  by  two  terms, 
the  first  being  the  same  as  above.  The  second  term  magnifies  the  SNR. 
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Bias  of  the  angle  estimate 

(crosses  represent  values  found  by  computer 

simulation) 


Fig.  S  Bias  of  the  angle  estimate 

Comparison  between  linear  approximation  and 
nonlinear  theory 


Fig.  6 


Variance  of  the  angle  estimate 
(crosses  represent  values  found  by 
simulation) 
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ABSTRACT 

The  roll  plane  radiation  patterns  of  on-aircraft  antennas  are  analyzed  using  high  frequency  solutions. 
This  Is  a  basic  study  of  aircraft-antenna  pattern  performance  in  which  the  aircraft  is  modelled  in  Its 
most  basic  form.  The  fuselage  Is  assumed  to  be  a  perfectly  conducting  elliptic  cylinder  with  the  antennas 
mounted  near  the  top  or  bottom.  The  wings  are  simulated  by  arbitrarily  many  sided  flat  plates  and  the 
engines  by  circular  cylinders.  The  patterns  In  each  case  are  verified  by  measured  results  taken  on  simple 
models  as  well  as  scale  models  of  actual  aircraft. 

I.  INTRODUCTION 

This  paper  presents  a  basic  theoretical  study  of  roll-plane  aircraft-antenna  patterns  for  the  UHF  and 
microwave  frequencies  In  which  the  antenna  Is  mounted  on  the  fuselage  near  the  top  or  bottom.  Since  It  is 
a  study  of  general-type  aircraft,  the  aircraft  Is  modelled  In  Its  most  basic  form.  The  fuselage  is  assumed 
to  be  a  perfectly  conducting  Infinitely  long  elliptic  cylinder.  The  wings  and  horizontal  stabilizers  are 
modelled  by  n-slded  flat  plates  which  lie  In  a  plane  that  is  parallel  to  the  fuselage  axis.  The  engines 
are  approximated  by  circular  cylinders. 

The  need  for  this  type  of  solution  Is  basically  two-fold.  First,  there  may  be  upwards  to  200  antennas 
mounted  on  a  single  aircraft.  If  these  antennas  can  be  located  on  the  aircraft  at  the  design  stage,  then 
one  can  expect  better  performance  In  that  optimum  locations  and  necessary  structural  changes  can  be  an¬ 
ticipated.  Secondly,  antenna  systems  are  normally  added  or  changed  In  the  course-of  an  aircraft's  useful 
lifetime.  Such  relocation  or  addition  of  antennas  has  always  required  a  great  deal  of  engineering  time 
and  money. 

Some  of  the  first  solutions  used  to  compute  on-aircraft  antenna  patterns  were  the  modal  solutions  for 
Infinitely  long  circular  (Carter,  P.S.,  1943)  and  elliptical  (Sinclair,  G.,  1951)  cylinders.  The  fuselage 
was  modelled  by  a  cylinder  whose  cross-section  approximated  the  fuselage  cross-section  at  the  antenna 
location.  Arbitrary  antennas  were  considered,  and  the  antenna  could  be  mounted  on  or  above  the  fuselage. 
Results  were  quite  adequate  provided  the  aircraft  structure  was  not  Illuminated  too  strongly.  In  fact, 
these  solutions  have  provided  the  primary  high  frequency  analysis  to  date.  However,  with  the  desire  to 
improve  system  performance,  versatility,  and  coverage  the  antenna  pattern  must  be  shaped  for  the  desired 
application  In  such  a  way  that  It  may  actually  lllunlnate  the  structure  quite  strongly.  In  many  cases  the 
system's  performance  Is  dependent  on  the  pattern  effects  of  the  secondary  contributors. 

Another  approach  that  has  found  great  success  at  solving  this  type  of  problem  Is  the  Geometrical 
Theory  of  Diffraction  (GTD).  GTD  Is  basically  a  high  frequency  solution  (object  large  In  terms  of  wave¬ 
length)  which  Is  divided  Into  two  basic  problems;  these  being  wedge  or  tip  diffraction  and  curved  surface 
diffraction.  The  only  limitation  of  these  solutions  Is  that  the  source  and  various  scattering  centers  be 
separated  by  at  least  a  wavelength.  In  some  cases  even  this  requirement  can  be  relaxed.  Using  this  ap¬ 
proach  one  applies  a  ray  optics  technique  to  determine  the  fields  Incident  on  the  various  scatterers. 

The  fields  diffracted  are  found  using  the  GTD  solutions  In  terms  of  rays  which  are  summed  with  geometrical 
optics  terms  In  the  far  zone.  The  scattered  energy,  which  Is  analyzed  In  terms  of  rays,  from  o  given 
structure  tends  to  Illuminate  the  other  structures  causing  various  higher-order  scattered  terms.  Using 
the  ray  optics  approach,  one  can  trace  out  the  various  possible  combinations  of  rays  that  Interact  between 
various  scatterers  and  Include  only  the  dominant  terms.  Thus,  one  need  only  be  concerned  with  the  dominant 
scattering  structures  and  neglect  the  secondary  structures  in  the  theoretical  model.  This  makes  the  GTD 
approach  Ideal  for  a  general  high  frequency  study  of  on-aircraft  antenna  patterns. 

II.  WEDGE  DIFFRACTION 

The  three  dimensional  wedge  diffraction  problem  is  pictured  In  Fig.  1.  A  source  whose  radiated  I 
field  Is  given  by  Fms)  Is  located  at  point  s' (p*  ,z* ),  It  can  be  an  arbitrary  electric  or  magnetic 

source  causing  plane,  cylindrical,  conical,  or  spherical  wave  incidence  on  the  wedge  tip.  The  diffracted 
vector  field  at  point  s(p,4 >,z)  can  be  written  In  terms  of  a  dyadic  diffraction  coefficient.  Kouyoumjlari 
and  Pcthak  (1970)  have  given  a  more  rigorous  basis  for  the  GTD  formulation  and  have  shown  that  the  dif¬ 
fracted  fields  may  be  written  compactly  if  they  are  in  terms  of  a  ray-fixed  coordinate  system.  The  ray- 
-flxed  coordinate  system  is  centered  at  the  point  of  diffraction  Qf,  (or  points  of  diffraction  In  the 
case  of  plane  wave  incidence).  Oj;  Is  a  unique  point  or  points  for  a  given  source  and  observation  point. 

The  Incident  ray  diffracts  as  a  cone  of  rays  such  that  p  »  v'  (see  Fig.  1). 


*The  work  reported  In  this  paper  was  supported  In  part  by  Grant  NGR  36-008-144  between  National 
Aeronautics  and  Space  Administration,  Langley  Research  Center,  and  The  Ohio  State  University 
Research  Foundation. 
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For  our  purpose.  It  Is  more  convenient  to  write  the  diffracted  field  in  terms  of  the  V„  function 
(Hutchins,  D.L. ,  1967)  as  B 

fEn(s)"l  l""VB  0  1  1  rr  lid 


_EJi(Q£) 


'ft/*1  A(s)  Q-jks 

sin  60  Mls'  0 


Vg  -  VB(L,Y',n)  +  VB(L,Y+,n)  . 

The  time  dependence  factor  (e^ut)  Is  suppressed  throughout  this  paper.  The  minus  sign  (Vg)  applies  for 
the  F-fleld  component  parallel  to  the  edge  and  the  plus  sign  (Vt)  aoplles  for  the  F- field  component  per¬ 
pendicular  to  the  edge.  The  angular  relations  are  expressed  by 

y  =  y+  =  <f>  +  <t> *  for  o  <_  *,$'  <_  nit, 

where  the  minus  sign  (y~)  Is  associated  with  the  Incident  field  and  the  plus  sign  (y+)  with  the  reflected 
field.  The  quantity  A(s)  is  a  ray  divergence  factor  given  by  (Pathak,  P.K.  etc.,  1970) 

f  1_  plana,  cylindrical  (s=p) 
r~  and  conical  wave  Incidence 
A(s)  *  *s 


and  L  Is  given  by 


2 

s  sin  e„ 


spherlcal  wave  Incidence 


plane  wave  Incidence 
cylindrical  wave  Incidence 


2 

s's  sin 


conical  and  spherical  wave 
Incidence.  Incidence. 


III.  DIFFRACTION  BY  ELLIPTIC  CYLINDER 


The  radiation  from  slots  and  monopoles  mounted  on  smooth  curved  surfaces  is  pertinent  to  the  design  of 
flush-mounted  antennas  for  aircraft  and  spacecraft.  Recently,  Pathak  and  Kouyoumjlan  (1972)  have  extended 
the  GTD  technique  for  plane  wave  diffraction  by  perfectly  conducting  convex  surfaces  to  treat  the  radiation 
problem.  This  extension  of  GTD  has  been  successfully  applied  to  circular  and  elliptic  cylinders,  spheres, 
and  spheroids  (Burnside,  W.D. ,  1972). 

The  GTD  solution  for  the  radiation  by  antennas  mounted  on  convex  surfaces  employs  the  reciprocity 
theorem.  Using  this  approach  a  plane  wave  field  is  assumed  normally  Incident  on  a  right  circular  cylinder. 
The  antenna  aperture  field  Is,  then,  given  by  asymptotic  solutions  for  exact  expressions  of  the  field  on 
the  cylinder  surface.  Employing  the  reciprocity  theorem,  one  obtains  the  radiated  field  for  that  same 
antenna  mounted  on  the  cylinder.  The  geometrical  optics  solution  Is  used  to  describe  the  radiated  field 
In  the  lit  region.  The  Pock  approximation  Is  used  for  the  penumbra  (transition)  region;  whereas  In  the 
deep  shadow  region,  the  GTD  solution  Is  applied.  Using  the  GTD  solution,  a  launch  coefficient  relates  the 
antenna  aperture  field  to  the  boundary  layer  surface  waves  which  propagate  around  the  surface  along 
geodesic  paths.  Energy  Is  continually  diffracted  by  the  surface  wave  In  the  tangent  direction  to  the 
propagation  path.  This  diffracted  energy  Is  given  by  a  diffraction  coefficient  which  Is  dependent  on  the 
surface  geometry  at  the  point  of  diffraction.  The  surface  wave  energy  decays  along  the  geodesic  path  In 
that  energy  Is  continually  diffracted.  This  decay  Is  expressed  by  an  attenuation  coefficient  which  Is 
dependent  on  the  surface  geometry  along  the  geodesic  path. 

The  GTD  solutions  for  Infinitesimal  slot  and  monopole  antennas  mounted  on  an  elliptic  cylinder  as 
shown  in  Fig.  2  are  given,  neglecting  torsional  effects,  by 

A.  Monopole  case 

Lit  Region 

(2)  E  *  -  sin  flm  om  F(source) 

Transition  Region 


J 


•  F(tangent) 


•  F(tangent) 
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Deep  Shadow 


(5) 


E  = 


J  Si  EJ  FJ 


(tangent) 


B.  Slot  case 
Lit  Region 
(6) 


E  -^e.,  sin  e  -  e2  cos  b)  •  (b'n*  +  t'b')J  •  F(source) 

Transition  region 
a)  Lit  side 

(?) !  ■  j'3  <•)  •(»<.,  *  »>]* 


COs(a$  +  8) 


source 


F (tangent) 


b)  Shadow  side 

(8)  E 


■  Jar  V dt  )s1n(”* ' 8) 


-J 


/ 

b|-j/2V3Te'J^  9* 


t(i^)1/3d£X^]t3sourceCOS(V8)]f  *  F(ta"9ent) 


Deep  Shadow  Region 

(9)  E  «  |  jJij  Eb  s1n(as-B)  +  bj  Ej  cos(as-B)J  Fj (tangent) 


where 

E 


h"'Sr  N;lN 

W  m-0  m  m 


es  \  oV  e 

Y  m-0  mm 


-\  Ym<4>di 


The  functions  g*(  )  and  ^*(  )  are  the  complex  conjugates  of  the  Fock  function  (Pathak,  P.K.,  etc.,  1972) 
for  the  hard  and  soft  boundary  conditions,  respectively.  The  unit  vectors  n  and  t>  are,  respectively, 
the  normal  and  binormal  to  the  geodesic  curve  at  the  diffraction  (or  tangent)  point,  and  F(  )  Is  simply 
a  phase  factor  to  refer  the  phase  to  the  origin  of  the  coordinate  system.  The  term/~di|ln/dii-  Is  the 
spread  factor,  which  Is  related  to  the  spread  of  the  geodesic  paths.  In  this  ase,>J  d^/di  Is  unity. 

The  longitudinal  and  transverse  radii  of  curvature  are  given,  respectively,  by  P&  and  p^.  Note  that  the 
superscripts  h  and  s  Indicate  the  hard  and  soft  boundary  conditions.  The  launch  coefficients  are  given  by 

LS  *  [neJ  T2  °J  (lj^)  V'dat  the  source 
Lm  '  ["e  ^  Dm(lc^)  'MKiJat  the  source 

where  0^|  Is  defined  In  Table  I.  The  subscript  m  refers  to  the  mth  mode  of  the  boundary  layer  surface  wave. 

Thus,  yw  Is  the  propagation  constant  for  the  mth  mode  surface  wave  such  that  Ym  *  “m  +  JL  where  am  Is 

defined  In  Table  I.  The  Incremental  arc  length  along  the  geodesic  path  Is  expressed  by  dz.  The  sum¬ 

mation  over  "j"  In  the  shadow  region  Indicates  that  several  terms  can  contribute  in  that  region. 


One  must  first  find  an  efficient  solution  for  the  geodesic  paths  on  the  elliptic  cylinder  surface  In 
order  to  analyze  this  problem  successfully  using  GTD.  A  preferred  coordinate  system  for  the  elliptic 
cylinder  Is  Illustrated  In  Fig.  3  and  defined  by 


x  -  d  cosh  u  cos  v  »  af  cos  v 

(10)  y  -  d  slnh  u  sin  v  »  bf  sin  v 

’  =  z 

where  2d  Is  the  distance  between  the  foci  of  the  ellipse.  Note  that  for  u  »  Uf,  where  Uf  »  tanh"^ (bf/af ) 
fa  constant],  the  above  equations  define  an  elliptical  surface  for  0  ^  v  <  2tt.  Thus,  the  elliptical 
surface  shape  Is  expressed  by  Uf,  its  size  by  d,  and  any  point  on  the  surface  Is  defined  by  v. 


- . nnini-n 


41-4 


Using  the  calculus  of  variations,  the  geodesic  paths  on  an  elliptical  surface  are  given  by 
z  =  . .  [  J a?  sin2v  +  b?  cos2v  dv  . 

S?  V  f 

Note  that  vi  and  vf  are,  respectively,  the  initial  and  final  values  of  v  along  a  given  geodesic  path.  If 
one  defines  the  geodesic  starting  direction  by  the  angle  L)  as  shown  in  Fig.  2,  then  C  =  -cos  ots.  The 
advantage  of  this  geodesic  solution  lies  in  the  fact  that  tne  integral  can  be  quickly  evaluated  using 
numerical  techniques.  The  Important  parameters  of  this  problem  are  listed  below: 

—COS  a  .  f  i  22  2  2 

z  =  - 2 —  J  ai  sin  v  +  b*  cos^v  dv  (geodesic  equation) 

Isin  oj  Jv,  f  f 


=  _J _ 

I  si n  as| 


|  J a2  sin2v  +  b2  cos2v  dv 


(arc  length) 


-af  sin  v  >.  +  b^  cos  v  y  I 

61  =  ,  ■■  - -  =  ’ 

Ja2  sin2v  +  b2  cos2v 

®2  ’  2 


(curval inear  coordinates) 


t  =  sin  as  e1 


cos  ase2 


(unit  tangent  vector) 


„  bf  cos  v  x  +  af  sin  v  y 
n  = - - *  - —  -  ■ 

v  +  b£  cos  v 


J  a2  sin 


b  =  t  x  n  =  +  cos  as  e1  +  sin  e2 
(a2  sin2v  +  b2  cos2v)3/2 

p  =  - - - 

0  af  bf  sin^  «s 


(unit  normal  vector) 

(unit  binormal  vector) 

(longitudinal  radius  of 
curvature) 


Using  the  above  relations,  one  can  employ  Eqs.  (2-9)  to  determine  the  total  radiated  fields. 

The  principal  plane  radiation  patterns  (which  correspond  to  roll  plane  patterns  in  the  aircraft  case) 
are  shown  in  Fig.  4  for  a  circumferential  slot,  axial  slot,  and  monopole  mounted  on  a  two  wavelength 
radius  circular  cylinder.  These  patterns  compare  very  favorably  with  the  modal  solutions  (Sinclair,  G., 
1951)  as  shown  in  the  same  figures.  The  principal  plane  radiation  patterns  are  shown  In  Fig.  5  for  the 
same  antennas  mounted  on  an  elliptic  cylinder. 

IV.  NEAR  FIELD  SCATTERING  RY  A  FINITE  PLATE 

The  near  field  scattering  by  a  finite  flat  plate  is  a  relatively  new  topic  at  higher  frequencies 
where  the  plate  is  large  in  terms  of  the  wavelength.  The  solution  presented  here  is  a  practical 
application  of  the  three-dimensional  wedge  diffraction  theory  given  earlier.  The  source  is  defined  by 
its  location  and  far-field  pattern.  The  far-field  pattern  of  the  source  is  appropriate  in  that  the  plate 
Is  located  at  least  2Dv*  away  from  the  source  where  D  is  the  maximum  dimension  of  the  source.  The  finite 
flat  plate  is  simply  specified  by  location  of  its  n  corners. 

It  is  known  that  for  a  given  scatter  direction  there  is  only  one  point  along  an  infinitely  long 
straight  edge  at  which  the  diffracted  field  can  emanate  for  a  near  zone  source.  Thus,  this  point  must  be 
found  for  each  of  the  n  edges  that  describe  the  flat  plate.  There  are  many  ways  of  finding  this  dif¬ 
fraction  point,  one  of  which  is  described  here.  Since  it  is  known  that  6  =  6'  (see  Fig,  1),  it  Is 
obvious  that  "  u 

(11)  e  •  I  =  e  •  d 

m  m 

where  em,  I,  and  d  are,  respecti vely,  the  mth  edge  unit  vector,  incident  direction  unit  vector,  sod  dif¬ 
fraction  direction  unit  vector.  Since  the  scatter  direction  Is  known  (os,4j),  the  value  of  em  :  d  =.cm 
is  easily  computed  for  each  edge.  One  need  only  search  along  the  edge  to  find  the  point  where  em  •  I  =  cm. 

Once  the  diffraction  point  is  located,  one  must  find  the  diffracted  field  value  from  the  mth  edge. 

The  far  field  pattern  of  the  source  can  be  written  as 
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The  first  step  in  calculating  the  reflected  field  is  to  find  the  location  of  the  image  source,  which 
is  uniquely  determined  once  the  plane  of  the  flat  plate  is  defined  relative  to  the  source  location.  In 
fact,  the  Imaqe  Is  located  along  a  line  which  is  orthogonal  to  the  plate  and  positioned  an  equal  distance 
on  the  opposite  side  of  the  plate. 

With  the  image  position  known,  one  needs  to  determine  if  the  reflected  field  contributes  to  the  total 
scattered  field  using  the  geometrical  optics  approach.  If  the  reflected  field  Is  a  contributor,  the  ray 
from  the  image  source  in  the  scatter  direction  (es,$s)  must  pass  through  the  finite  plate  limits.  Thus, 
one  must  find  the  location  of  the  Intersection  point  of  this  ray  and  the  plane  containing  the  flat  plate. 
This  can  easily  be  accomplished  using  vector  analysis.  One  can,  then,  predict  within  certain  limits 
whether  this  intersection  point  falls  within  the  bounds  of  the  finite  flat  plate. 

If  reflections  do  occur,  the  reflected  field  from  the  image  source  can  be  written  in  ray  form  as 


Rr(e  ,4>  )  *  [0rFr(ec,$cWrGr(ec,OD  •  e' 


jkL'x1  sines  cos$s 


+  z.|  cose$  D 


where  or  and  itr  are  related  to  the  Image  source  coordinate  system  with  the  image  location  defined  by 
(*1,yi.zi).  The  functions  CFr(es»$s)  and  Gr(esi<t>s)3  are  found  by  employing  the  boundary  conditions  on 
the  perfectly  conducting  flat  plate.  The  total  scattered  field  from  the  flat  plate  Is,  then,  given  by 

(17)  Rs(es,*s)  =  Rd  ( Q  s ,  <J>  s )  +  Rr(os,*s)  . 


In  order  to  Illustrate  the  versatility  of  this  solution,  it  is  used  to  approximate  the  scattering 
effect  of  a  disc.  This  Is  done  by  computing  the  pattern  of  a  monopole  mounted  on  plates  with  increasingly 
many  sides.  In  Fig.  6  the  calculated  results  for  plates  with  4,  and  6  sides  are  Illustrated  and  compared 
with  the  measured  result  for  the  circular  disk  (Lopez,  A.R.,  1966).  Note  that  as  the  number  of  sides 
is  Increased  the  closer  the  computed  and  measured  results  agree.  Note  also  the  agreement  between  meas¬ 
ured  and  calculated  patterns  of  a  ^/4  dipole  mounted  above  a  square  plate  as  Illustrated  In  Fig.  7. 

Even  though  the  above  results  show  good  agreement  one  must  realize  the  inherent  approximations  In 
this  solution.  It  is  based  on  edge  diffraction  with  just  singly  diffracted  edge  rays  being  considered. 
Thus,  It  has  been  assumed  that  the  plate  Is  large  in  terms  of  the  wavelength  such  that  double  diffraction 
Is  normally  negligible.  However,  neglecting  double  diffraction  may  cause  some  error  especially  when  the 
pattern  is  computed  in  the  plane  of  the  flat  plate.  Secondly,  a  diffraction  term  from  each  of  the  corners 
should  be  Included,  but  It  is  not  available  In  practical  form  at  present.  Nevertheless,  the  latter  has 
little  effect  on  the  overall  pattern  except  when  a  diffraction  point  (or  points)  approaches  a  corner. 

In  these  two  cases  our  solution  can  be  somewhat  In  error  although  only  small  angular  regions  are  involved. 
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V.  ROLL  PLANE  ANALYSIS 

The  basic  aircraft  to  be  analyzed  in  this  study  Is  composed  of  flat  plates  and  cylinders.  It 
is  assumed  that  the  source  is  mounted  on  the  fuselage  and  restricted  to  the  regions  near  the  top  or 
bottom  of  the  aircraft.  Arbitrary  antonnas  can  be  considered  simply  by  integrating  these  solutions  for 
infinitesimal  antennas  over  the  equivalent  aperture  currents. 

The  lower  frequency  limit  of  these  solutions  is  dictated  by  the  ray  optics  format  which  requires  that 
the  various  scattering  centers  be  no  closer  than  approximately  a  wavelength  with  the  overall  aircraft 
being  large  in  terms  of  the  wavelength.  The  upper  frequency  limit  is  dictated  by  the  accuracy  to  which 
the  model  represents  the  actual  aircraft  considered. 

The  two-dimensional  problem  is  considered  initially  in  order  to  develop  the  necessary  techniques  to 
attack  the  much  more  difficult  three-dimensional  roll  plane  problem  (Marhefka,  R.J.,  1971).  The 
geometry  of  the  two-dimensional  problem  is  illustrated  in  Fig.  8  with  and  without  the  engines  included. 

The  fuselage  and  engines  are  assumed  circular  in  cross-section  and  mounted  symmetrically  about  the  finite 
wing.  Since  wedge  diffraction  is  applied  to  handle  the  finite  length  wing,  the  radiated  field  must  be 
described  in  terms  of  rays.  However,  one  of  the  nicer  features  of  the  GTD  approach  is  that  other 
solutions  such  as  modal  solutions  can  be  cast  into  a  ray  form  and  then  applied  to  a  diffraction  problem. 
Consequently,  it  was  found  that  the  modal  solution  (Sinclair,  G.,  1S51)  for  an  arbitrary  antenna  mounted 
on  an  infinite  circular  cylinder  was  satisfactory  for  treating  the  antenna  mounted  on  the  circular 
fuselage.  In  fact,  this  solution  has  been  applied  in  past  years  as  the  sole  solution  for  high  frequency 
on-aircraft  antenna  analyses. 

The  radiation  patterns  for  an  axial  slot  are  shown  in  Fig.  8a  on  a  model  without  engines.  The  slot 
used  for  the  measured  patterns  is  simply  an  open-ended  X-band  waveguide.  These  solutions  compare  very 
favorably  with  measured  results  taken  on  a  simulated  two-dimensional  aircraft  model.  The  radiation 
patterns  for  the  same  configuration  with  the  engines  added  are  illustrated  in  Fig.  8b.  Again  very  good 
agreement  is  obtained  between  our  calculated  and  measured  results.  These  results  indicate  that  the 
scattering  from  the  engines  has  little  effect  on  the  overall  pattern  except  near  $  n,  90°  and  $  ^  270°. 

The  same  conclusion  is  true  for  the  monopole  and  circumferential  slot  which  were  analyzed  and  measured 
although  not  shown  here. 

Since  the  roll  plane  cuts  orthogonally  across  the  fuselage,  one  should  expect  the  fuselage  cross- 
section  to  have  a  strong  effect  on  the  roll  plane  pattern.  On  the  other  hand,  an  aircraft  fuselage  is 
normally  long  and  slender,  such  that  its  finite  length  effects  are  generally  secondary.  Consequently, 
the  infinite  elliptic  cylinder  representation  of  the  fusel?:,  for  roll  plane  calculations  appears  to  be 
a  reasonable  approximation  in  most  cases.  Since  the  antenna  can  be  arbitrarily  positioned  on  the  fuselage 
with  respect  to  the  wings,  one  must  consider  the  width  of  the  wing  as  well  as  its  length  in  order  to  obtain 
a  practical  analytic  model.  In  order  to  accomplish  this,  the  near  field  flat  plate  scattering  solution  is 
adapted  to  this  new  model  such  as  illustrated  in  Fig.  9.  Note  that  each  wing  can  be  located  arbitrarily 

with  any  number  of  edges  provided  only  that  the  wings  are  flat  and  horizontal. 

Our  model,  now,  consists  of  an  infinitely  long  elliptic  cylinder  fuselage  to  which  finite  flat  wings 
are  attached.  The  various  configurations  analyzed  are  shown  in  Fig.  10  looking  from  the  front  of  the 
aircraft  with  the  antenna  mounted  in  each  case  above  the  wings  for  the  models  illustrated.  Using  these 
models,  one  should  be  able  to  analyze  a  wide  variety  of  aircraft  shapes.  This  is  verified  by  a  comparison 
of  results  taken  on  actual  aircraft  scale  models  and  presented  later. 

Let  us  first  find  the  effective  source  location  for  the  reflected  field.  Recall  that  in  our  flat 

plate  result  the  source  was  Imaged  and  the  reflected  field  added  to  the  total  solution  provided  the  image 
ray  passed  through  the  finite  flat  plate  (wing)  limits.  So  one  must  initially  determine  the  effective 
source  position  and  then  the  reflected  field.  With  the  source  mounted  on  an  infinitely  long  elliptic 
cylinder,  the  surface  rays  from  the  source  propagate  around  the  cylinder  along  geodesic  paths,  from  which 
energy  is  continually  diffracted  tangentially.  Now  let  us  assume  that  the  source  does  not  illuminate  the 
right  wing  directly  (as  Illustrated  in  Fig.  9a)  and  proceed  to  determine  the  unique  geodesic  path  that 
diffracts  energy  from  a  known  tangent  point  which  is  then  reflected  off  the  wing  in  the  desired  radiation 
(or  scatter)  direction. 

The  effective  source  position  for  reflections  from  the  right  wing  in  terms  of  the  radiation  direction 
(os,*s)  is  given  by 

xe  =  af  cos  ve 
08)  ya  3  bf  sin  vg 

fVg  /  o  p  p  p 

ze  *  cot  cl  -J  a£  sin  v  +  b£  cos  v  dv  +  z5Q 
vso 

where  ve  =  tan’^  (bf/a*  cot  $s).  Those  coordinates  can,  then,  be  used  in  the  flat  plate  problem  as  the 
effective  source  location.  Note  that  as  the  desired  radiation  direction  is  varied  the  effective  source 
location  changes.  In  addition,  if  the  source  directly  illuminates  the  wing  for  a  given  reflection  term 
then  the  effective  source  location  is  simply  the  actual  source  location  (uf ,vs0,Zc0).  A  result  similar 
to  Eq,  (18)  can  be  found  for  the  reflections  from  the  left  wing.  Finally,  the  actual  source  field  value 
used  to  compute  the  reflected  term  is  determined  from  the  GTD  solutions  of  Section  III. 

Using  a  similar  technique  the  effective  source  locations  for  the  diffracted  field  components  may  be 
found.  Our  flat  plate  solution  uses  a  search  technique  to  find  the  diffraction  point  by  computing  the 
diffraction  angles  at  selected  test  points  along  a  given  edge.  Once  a  test  point  (xj.y^.zw)  is  specified 
along  the  edge  one  can  find  the  effective  source  location  (x„,ye,Zp)  using  the  geometry  illustrated  in 
Fig.  9b,  Again  it  Is  assumed  that  the  source  does  not  directly  illuminate  the  test  point.  One  finds  that 
the  effective  source  is  given  by 
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09) 


where 


,  -  ifojhc  wS *  bfxd  -  a?bf 

6  +  bjxj) 


afbf*d  -  bfxd  1  bfxd  •  afbf 
(ajyj  +  b2x2) 

bfxezd][v  +  afzso(yd-ye)!v 
bfxeIv  +  af(yd-ye)i; 


?v  ■  |  Ja2  sin2v  +  b2  cos2v  dv, 
vso 

Iy  =  vl^f  s1n2ve  +  b2  cos2vg,  and  vg  =  tan_1^^7a^^, 


Given  the  effective  source  location  for  the  chosen  test  point,  the  search  technique  is  anplied  to  find  the 
actual  diffraction  point  along  a  given  edge.  Note  that  once  the  actual  diffraction  point  is  determined, 
the  effective  source  of  the  diffracted  field  is  specified  by  Eq.  (19),  and  the  source  field  value  is, 
again,  computed  using  the  GTD  solutions. 

The  total  field  is  found  by  sunning  the  directly  radiated  field  with  the  scattered  fields  from  the 
wings  using  the  superposition  principle.  Several  different  configurations  have  been  studied  using  this 
solution  and  compared  with  measured  results.  The  patterns  illustrated  in  Fig.  11  are  based  on  a  circular 
fuselage  with  the  wings  mounted  in  the  central  location.  The  roll  plane  pattern  for  x/4  monopole  is 
shown  In  Fig.  11a,  with  the  antenna  mounted  directly  above  the  wings.  The  pattern  Is  shown  In  Fig.  lib 
for  an  axial  slot  mounted  on  the  fuselage  over  the  back  limit  of  the  wing.  In  Fig.  11c  the  pattern  Is 
shown  for  a  circumferential  slot  mounted  over  the  wings  but  rotated  45°  from  the  straight  up  direction  as 
considered  In  Fig.  11a.  The  patterns  for  a  x/4  monopole  mounted  on  a  circular  fuselage  wing  above  and 
below  the  central  location  are  illustrated  In  Fig.  12.  In  Fig.  13  the  roll  plane  patterns  are  illustrated 
for  each  of  the  three  basic  antennas  mounted  on  an  elliptic  fuselage  with  the  wings  centrally  attached. 

The  patterns  illustrated  in  Fig.  14  are  for  an  axial  slot  mounted  on  an  elliptic  fuselage  with  the  wings 
above  and  below  the  central  position.  Good  agreement  is  obtained  between  the  calculated  and  measured 
results  in  each  case.  The  slight  deviations  are  attributed  primarily  to  the  assumptions  made  in  solving 
for  the  flat  plate  scattered  field. 

VI.  CONCLUSIONS 

The  solutions  that  have  been  presented  here  provide  a  high-speed  analytic  tool  for  determining  the 
type  and  location  of  antennas  based  on  their  roll  plane  performance.  These  programs  typically  compute  a 
pattern  in  30  seconds  or  less  on  a  CDC  6600  digital  computer.  A  16  mm  film  has  been  developed  which 
Illustrates  the  advantages  of  a  numerical  solution  for  computing  patterns  for  antennas  on  aircraft  and 
Is  available  upon  request. 

An  additional  feature  of  these  solutions,  which  can  be  very  important  in  certain  critical  cases, 
is  that  one  can  trace  out  the  dominant  pattern  terms  as  they  are  scattered  by  the  various  parts  of  the 
aircraft  structure.  In  this  way  one  can  quickly  ascertain  which  structural  scatterers  are  distorting 
the  pattern  in  a  critical  region.  This  gives  one  the  option  of  taking  corrective  action  by  changing  the 
structure  or  by  properly  placing  absorber.  So  these  solutions  not  only  provide  fast  pattern  computations, 
but  they  also  provide  the  antenna  designer  with  a  means  of  analytically  considering  several  alternatives 
to  Improve  the  antenna's  performance. 

Each  of  the  solutions  developed  have  been  verified  by  experimental  results  taken  on  a  structure  which 
approximates  our  analytic  model.  However,  these  results  do  not  verify  the  general  validity  of  our  analytic 
model  in  representing  an  actual  aircraft.  There  are  no  roll  plane  patterns  published  in  the  literature 
to  our  knowledge  that  would  be  suitable  for  our  comparison.  We  appreciate  the  efforts  of  NASA  personnel 
who  measured  the  patterns  of  a  x/4  monopole  mounted  on  an  accurately  scaled  model  of  a  KC-135  (Boeing  707); 
as  well  as,  the  effort  of  NAOC  personnel  who  measured  two  patterns  on  a  scale  model  of  a  F-4  aircraft. 

The  rosults  are  Illustrated  in  Figs,  15  and  16  and  the  agreement  in  each  case  is  very  encouraging. 
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TABLE  I 

GENERALIZED  DIFFRACTION  COEFFICIENTS  AND  ATTENUATION  CONSTANTS 
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Fig.  1.  Geometry  for  three-dimensional  wedge  diffraction  problem 
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Fig.  3.  Diagram  showing  the  elliptic  cylinder  coordinate  system. 


Fig.  4a.  Principal  plane  pattern  of  a  monopole  mounted  on  a  2x 
radius  circular  cylinder. 
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Fig.  4b.  Principal  plane  pattern  of  an  axial  slot  mounted  on  a  2x 
radius  circular  cylinder. 
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Fig.  4c.  Principal  plane  pattern 
on  a  2x  radius  circular 
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Fig.  9a.  Reflection  problem  In  x-y  plane. 


Fig.  9b.  Diffraction  problem  In  y-z  plane. 
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Fig.  10.  Fuselage  and  wing  geometry  for  theoretical  aircraft  model 
looking  from  the  front. 


Fig.  lib.  Roll  plane  pattern  of  axial  slot  (E  )  at  f  ■  11.45  GHz. 


Fig.  11c.  Roll  plane  pattern  of  a  circumferential  slot  mounted 
over  the  wings  but  rotated  45°  from  the  straight  up 
direction  of  Fig.  11a. 


Fig.  12a.  Roll  plane  pattern  of  a  x/4  monopole  mounted  on  circular 
fuselage  with  wings  attached  at  45°  above  the  central 
position. 
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Fig.  12b.  Roll  plane  pattern  of  a  x/4  monopole  mounted  on  circular 
fuselage  with  wings  attached  at  45°  below  the  central 
position,  with  same  geometry  as  Fig.  12a  otherwise. 


Fig.  13a.  Roll  plane  pattern  of  a  monopole  mounted  on  an  elliptic 
fuselage  with  centrally  located  wings  at  f  ■  8  GHz. 


Fig.  13b.  Roll  plane  pattern  of  an  axial  slot  mounted  on  an  elliptic 
fuselage  with  centrally  located  wings  at  f  *  8  GHz. 


Fig.  16a.  Roll  plane  pattern  of  a  x/4  monopole  mounted  11"  from  the 
nose  on  the  bottom  of  an  1/8  scale  model  of  an  F-4 
aircraft  at  f  *  8.0  GHz. 


Fig.  16b.  Roll  pattern  of  a  clrcumferantlal  slot  mounted  35-1/4" 
from  the  nose  on  the  top  of  an  1/8  scale  model  of  an  F-4 
aircraft  at  f  ■  8.0  GHz. 


DISCUSSION 


A.  SCHKUTT; 


1 i  Whictfi  method  do  you  use  in  order  to  calculate  the  incident  field? 

2)  Do  you  consider  multiple  diffraction? 

3)  Can  you  calculate  the  diffracted  field  of  obstacles  in  the  near 
field  of  your  antenna? 


Vf  .D. BURNS IDE:  l)  The  incident  fielus  are  calculated  using  the  standard  GTD  solutions 
f  Professor  Kouyoumjlan  of  Onto  state  University.  If  these  reports  are  not  available  to 
'ou  I  might  be  able  to  assist.  Basically  three  regions  of  field  are  considered: - 

a)  the  lit  region  (  geometric  optics) 

b)  the  transition  region  (  Pock  functions  ) 

c)  the  nhadow  region  l  ereeping  waves  ) 

The  edgjj  diffracted  fields  are  additionally  included  using  wedge  diffraction. 

Multiple  diffractions  are  not  included  in  our  solutions  in  that  they  are  only  strong 
in  the  plane  of  the  wings  and  found  to  be  rather  weak.  This  is  apparent  in  that  our 
resulting  patterns  do  not  have  jumps. additionally. multiple  diffractions  for  arbitary 
orieted  edges  is  quite  conplex. 

3)  We  can  compute  patterns  up  to  a  wavelength  of  the  source  or  any 

scattering  centre 


W  .HERSCH;  There  are  several  aspects  that  are  of  real  importance  when  Installing  an 
antenna  on  an  aircraft,  particularly  if  one  considers  operation  at  microwvae  frequanoies. 

Gan  your  programme  take  into  account  that  typical  aircraft  surfuces  are  curved  in  two 
planes,  that  the  phase  centre  of  the  antenna  above  the  fuselage  materially  affects  the 
elevation  pattern  and  that  the  primary  radiation  pattern  of  any  basic  antenna  is  as  a  rule, 
seriously  disturbed  by  protuberances  from  the  aircraft.  e,g,  the  proximity  of  other 
antennas  or  the  cockpit  window  affecting  the  performance  of  a  forward  looking  microwave 
antenna  mounted  on  the  nose  of  the  aircraft. 


J.eh  HAMSBi'i:  Does  your  programme  take  into  account  multiply  diffracted  rays  or  do  you 
consider  single-diffracted  rays  only? 

W .D .BURNSIDE:  The  programme  does  not  include  multiply  diffacted  terms  in  that  they 
only  appear  of  any  considerable  magnitude  in  the  vloinity  of  the  plane  of  the  flat  plate. 

If  these  were  important  then  we  would  have  jumps  in  our  calculated  patterns  in  these  regions. 
However,  we  have  not  seen  jumps  greater  than  about  1  dB  in  our  patterns.  Thus  the  results 
of  neglecting  multiple  diffractions  do  not  seem  serious. 


INVESTIGATION  OF  CHARACTERISTICS  AND  PRACTICAL  IMPLEMENTATION 
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OF  ARBITRARILY  POLARIZED  RADIATORS  IN  SLOT  ARRAYS  t 


J.  S.  Ajioka,  D.  M.  Joe,  R.  Tang,  N.  S.  Wong 
Hughes  Aircraft  Company 
Ground  Systems  Group 
Fullerton,  California  92634 


SUMMARY 


The  feasibility  of  obtaining  arbitrary  polarization  in  both  one  and  two  dimensional  arrays  of  slots  In  dual  mode 
bifurcated  waveguides  has  been  demonstrated.  The  radiating  element  consists  of  a  pair  of  crossed  slots  in  the 
sidewall  of  a  bifurcated  rectangular  waveguide  that  couple  to  even  and  odd  waveguide  modes.  One  linear  polarization 
is  excited  by  the  even  or  "sum”  mode  and  the  orthogonal  linear  polarization  Is  excited  by  the  odd  or  "difference" 
mode.  By  superposing  the  sum  and  difference  modes  in  the  proper  amplitude  and  phase,  any  arbitrary  polarization 
can  be  synthesized. 

A  two-dimensional  array  consisting  of  eight  waveguide  linear  arrays,  ferrite  phase  shifters  for  scanning  In 
the  plane  normal  to  the  linear  arrays  and  a  feed  network  for  power  distribution  and  polarization  control  was 
constructed.  Good  radiation  performance  for  various  polarizations  was  obtained.  In  the  case  of  linear  polarization, 
the  cross  polarization  component  was  down  on  the  order  of  -25  dB  and  in  the  case  of  circular  polarization,  the 
axial  ratio  was  on  the  order  of  1  dB.  The  polarization  was  controlled  with  a  phase  shifter.  Close  in  sldelobes  of 
better  than  20  dB  were  obtained  for  all  polarizations .  The  above  performance  characteristics  were  obtained  over  a 
scan  range  of  ±20  degrees. 

1.  INTRODUCTION 

Polarization  agility  is  desirable  for  maximizing  the  signal  to  clutter  or  signal  to  jammer  ratios  for  various 
target  shapes .  In  principle,  it  is  possible  to  suppress  a  jamming  signal  by  using  a  polarization  orthogonal  to  the 
jammer  even  when  the  jammer  is  within  the  main  beam- -an  Impossibility  with  coherent  sldelobe  cancelling 
techniques.  Although  circular  polarization  is  effective  for  rain  clutter  rejection,  it  has  a  degrading  effect  in  clear 
weather.  Since  it  often  rains  in  only  certain  sectors  and  may  be  clear  in  other  directions,  electronic  polarization 
control  is  an  obvious  advantage.  Other  possible  applications  of  polarization  diversity  is  for  minimizing  friendly 
interference  between  radars  operating  in  the  same  frequency  band  and  it  can  also  be  used  to  minimize  target  glint 
problems  because  the  nulls  in  a  radar  target  cross  section  pattern  are  generally  polarization  dependent.  Polari¬ 
zation  versatility  ts  generally  unavailable  in  slot  array  antennas  because  of  the  difficulty  in  its  Implementation.  The 
use  of  mechanically  rotatable  quarterwave  plates  in  front  of  a  conventional  linearly  polarized  slot  array  aperture 
achieves  limited  success.  However,  this  technique  is  cumbersome  mechanically,  and  polarization  cannot  be 
changed  on  a  pulse-to-pulse  basis.  This  paper  describes  the  theory,  design,  development  and  experimental 
performance  of  a  slot  array  with  electronically  controlled  polarization. 

An  arbitrarily  polarized  antenna  is  an  antenna  which  can  provide  the  most  general  elliptical  polarization. 

This  elliptical  polarization  Includes  linear  and  circular  polarizations  as  special  cases.  In  order  to  obtain 
polarization  diversity,  two  orthogonal  polarizations  must  be  provided  by  the  radiating  element.  The  orthogonal 
polarizations  can  be  dual  linear  or  dual  circular  polarizations  or  they  can  be  any  two  orthogonal  elliptical 
polarizations.  For  Instance,  crossed  slots,  crossed  dipoles,  open-ended  square  or  circular  waveguide  carrying 
the  two  dominant  modes  provide  two  orthogonal  linear  polarizations.  Superposltlonlng  of  these  orthogonal  polari¬ 
zation  components  in  the  proper  amplitude  and  phase  can  provide  the  most  general  elliptical  polarization. 

Hougardy  and  Shanks*  have  investigated  an  arbitrarily  polarized  linear  slot  array  with  crossed  slots.  One 
slot  of  the  crossed  slot  pair  couples  to  the  TEio  mode  and  the  other  slot  couples  to  the  orthogonal  TKqj  mode  of  the 
square  waveguide.  By  controlling  the  relative  amplitude  and  phase  of  these  two  modes  arbitrary  polarization  is 
achieved.  Since  the  dimensions  of  the  square  waveguide  are  too  large  to  be  fitted  into  a  two-dimensional  array 
unless  it  is  dielectrically  loaded,  it  ts  not  readily  adaptable  for  two  dimensional  scanning  arrays  because  of  grating 
lobe  formation.  Ajioka  has  suggested  that  a  rectangular  waveguide  loaded  by  a  septum  can  possess  two  modes  with 
equal  phase  velocities.  Elliott*  and  Silvester3  have  Independently  Investigated  this  possibility  and  concurred  in  their 
findings.  The  septum  waveguide  will  circumvent  the  space  problem  because  the  waveguide  height  can  be  made 
arbitrarily  small  without  affecting  the  cutoff  wavelength  (see  Figure  1).  In  addition  to  the  septum  waveguide,  a 
rectangular  waveguide  with  E-plane  bifurcation  which  can  support  the  sum  or  difference  mode  with  exactly  equal 
phase  velocity  is  also  a  very  attractive  structure  for  the  cross  slot  array  design.  Some  of  the  methods  of  exciting 
the  cross  slots  have  been  documented  in  a  patent  granted  to  Ajioka. 4  A  possible  method  of  exciting  cross  slots  in  a 
bifurcated  waveguide  is  shown  in  Figure  2.  Since  the  partial  septum  waveguide  has  no  advantage  over  the  bifurcated 
waveguide  for  slot  arrays  and  it  possesses  several  disadvantages  such  as  tighter  fabrication  tolerance  requirements, 
poorer  higher  power  handling  and  difficulty  in  equalizing  the  slot  coupling  to  the  two  modes,  It  will  not  be  discussed 
further  in  this  paper. 

2.  PRINCIPLE  OF  OPERATION 

The  principle  of  operation  of  the  antenna  is  based  on  a  dual  mode  waveguide  of  such  a  geometry  that  each 
mode  acts  as  an  Independent  transmission  line  and  independently  excites  orthogonal  polarization  fields  In  a  dual 
polarizable  element  in  a  simple  and  convenient  manner.  By  proper  combination  of  these  two  orthogonal 


't'Thls  work  was  supported  by  USAF  Cambridge  Research  Laboratories,  Office  of  Aerospace  Research, 
L.  G.  Hanscome  Field,  Bedford,  Massachusetts  under  Contract  F19628- 70-C-0142. 
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polarizations,  any  arbitrary  polarization  is  realizable.  Figure  2  shows  a  bifurcated  waveguide  operating  in  the  sum 
and  difference  modes  to  give  the  orthogonal  polarization.  When  the  two  halves  of  the  bifurcated  waveguide  are 
excited  in  phase  (sum  mode)  all  R.F.  currents  on  both  sides  of  the  septum  flow  in  opposite  directions  and  there  is  no 
field  excited  in  the  septum  slot.  In  the  sum  mode,  the  bifurcated  waveguide  acts  essentially  as  a  single  waveguide  of 
twice  the  height  operating  in  the  dominant  TEio  mode.  Hence,  any  aperture  cut  in  the  sidewall  will  have  a  com¬ 
ponent  of  electric  field  (B -vector  normal  to  the  waveguide  axis)  excited  in  it  due  to  the  interruption  of  the  transverse 
shunt  currents  in  the  waveguide.  If  the  aperture  is  symmetrical  about  the  axis  normal  to  the  waveguide  axis,  the 
sum  mode  will  produce  only  a  net  polarization  normal  to  the  waveguide  axis.  Now  if  the  two  waveguide  halves  are 
excited  in  anti-phase,  the  R.F.  currents  in  both  sides  of  the  septum  will  flow  in  the  same  direction  and  any  aperture 
cut  in  the  septum  will  have  a  component  of  field  excited  in  it  polarized  in  the  same  direction  as  the  current  that  it 
interrupts.  Also,  the  transverse  currents  in  the  sidewall  flow  in  opposite  directions;  hence,  their  effects  cancel 
in  the  sidewall  aperture  resulting  in  no  radiation  If  the  aperture  is  small  enough  to  prevent  the  higher  order  odd  mode 
from  radiating.  The  slot  in  the  septum  is  excited  by  the  difference  mode,  this  slot  in  turn  excites  the  radiating 
sidewall  aperture  with  polarization  parallel  to  the  waveguide  axis.  In  short,  the  sum  mode  excites  perpendicular 
polarization  and  the  difference  mode  excites  longitudinal  polarization  Independently  to  produce  the  desired 
orthogonal  polarizations. 

3.  METHOD  6F  CONTROLLING  SLOT  EXCITATION 

In  order  to  design  an  aperture  distribution  which  gives  the  desired  radiation  pattern,  the  slot  excitation  must 
be  controllable  over  a  wide  range  of  coupling  coefficients  for  both  polarization  modes .  Since  the  direction  of  the 
main  beam  depends  on  the  phase  velocity  of  the  feeding  wave,  it  is  necessary  that  the  loaded  phase  velocities  of  the 
sum  and  difference  modes  be  equal  so  that  their  main  beams  coincide  for  all  frequencies.  Both  the  loaded  phase 
velocities  and  slot  excitation  depend  on  the  slot  parameters.  In  the  sum  mode,  the  crossed  slot  is  excited  by  trans¬ 
verse  currents  in  the  sidewall  and  is  most  simply  represented  by  a  shunt  admittance.  In  the  difference  mode,  the 
crossed  slot  Is  excited  by  the  septum  slot  which  is  in  turn  excited  by  the  longitudinal  current  in  the  septum  and  is 
most  simply  represented  by  a  series  Impedance.  The  equivalent  circuits  are  shown  in  Figure  3.  If  the  admittance 
and  Impedance  due  to  slot  loading  are  real,  the  phase  velocities  would  remain  equal  but  since  this  is  not  the  case  in 
general,  the  slot  admittances  for  one  polarization  mode  and  the  slot  Impedances  for  the  other  polarization  mode 
must  be  controllable  to  simultaneously  satisfy  the  required  admittance/impedance  for  aperture  distribution  control, 
equality  of  phase  velocity  and  equality  and  minimization  of  power  into  the  terminating  load.  Some  of  the  crossed 
slot  parameters  for  this  control  are; 

1 .  Slot  length 

2.  Slot  width 

3.  Slot  angle 

4.  Septum  slot  length 

5.  Septum  slot  width 

6.  Septum  slot  angle 

7.  Septum  thickness 

8 .  Waveguide  width 

9.  Waveguide  height 

For  the  sum  mode  it  is,  in  principle,  possible  to  control  the  excitation  by  the  slant  angle  of  the  crossed  slots  as  is 
commonly  done  in  linearly  polarized  sidewall  slot  arrays  except  that  in  the  crossed  slots,  the  longitudinal  com¬ 
ponents  of  polarization  oppose  and  only  perpendicular  polarization  is  radiated.  This  method  of  sum  mode  coupling 
was  found  to  be  impractical  for  low  coupling  values  when  near  resonant  length  slots  were  used.-  For  this  reason, 
short  non  resonant  slots  were  used  and  the  coupling  to  the  sum  mode  was  controlled  by  slot  length  alone  with  the  slot 
angle  kept  constant  at  about  SO  degrees.  For  the  difference  mode,  the  slot  coupling  depends  on  the  septum  slot 
length  and  also  on  the  radiating  slot  lengths  as  for  the  sum  mode. 

The  Impedance/admittance  parameters  of  the  nonresonant  crossed  slots  as  a  function  of  slot  length  were 
determined  by  the  "cavity"  method5  of  measurement.  The  measured  data  for  a  slot  angle  of  SO  degrees  is  shown  in 
Figures  4a  and  4b.  The  conductance  of  the  slots  to  the  sum  mode  and  the  resistance  of  the  slots  to  the  difference 
mode  can  be  controlled  over  a  -vide  range  (G/Y0,  R/Z0  «  .002  to  0.15).  This  range  is  large  enough  to  design  any 
practical  aperture  distribution  with  minimum  power  lost  in  the  terminating  load.  As  shown  in  Figure  4a,  the 
equivalent  circuit  for  the  sum  mode  consists  of  shunt  elements  (G  and  B)  and  the  equivalent  circuit  for  the  difference 
mode  consists  of  series  elements  R  and  X  and  also  a  shunt  capacitance  B|.  The  lengths  of  the  non-resonant 
crossed  slots  were  chosen  to  give  the  desired  range  of  crossed  slot  coupling  (G/Yp )  values  for  the  sum  mode.  After 
this  was  done,  the  septum-slot  length  was  adjusted  to  make  the  coupling  of  the  difference  mode  to  any  crossed  slot 
equal  to  that  of  the  sum  mode.  That  ts,  R/Z0  is  made  equal  to  G/Y0.  It  was  found  that  the  septum  slot  length 
remained  essentially  constant  for  all  slot  lengths  when  the  coupling  coefficients  of  both  modes  were  made  equal.  As 
a  result,  the  desired  range  of  coupling  coefficients  for  both  modes  could  be  obtained  by  varying  only  one  parameter; 
namely,  the  length  of  the  crossed  slots , 

Although  G/Y0  is  equal  to  R/Z0,  there  is  a  further  requirement  that  the  phase  velocities  of  the  sum  and 
difference  modes  must  be  equal.  The  equivalent  circuit  for  the  sum  mode  is  purely  a  shunt  element  and  if  the 
equivalent  circuit  to  the  odd  mode  were  a  purely  series  element,  making  B/Y0  equal  to  X/Z0  would  insure  equal 
phase  velocities .  However,  the  odd  mode  equivalent  circuit  is  not  purely  a  series  circuit  because  of  the  shunt 
capacitance  Bi  of  Figure  3  and  therefore  must  be  represented  by  a  tee  or  pi  section.  For  this  reason,  the  phase 
velocities  of  the  two  modes  when  loaded  by  the  crossed  slots  are  not  equal.  The  inequality  of  phase  velocities  can  be 
corrected  by  cutting  non-radiating  slots  in  the  septum.  Any  aperture  cut  in  the  septum  has  negligible  effect  on  the 
sum  mode  characteristics  but,  in  general,  does  affect  the  difference  mode.  This  property  ts  used  to  make  the 
difference  mode  phase  velocity  equal  to  that  of  the  sum  mode.  This  is  accomplished  by  cutting  a  transverse  slot  in 
the  septum  in  the  region  between  the  radiating  crossed  slots.  The  transverse  slot  extends  across  the  entire  width  of 
the  waveguide.  The  insertion  phase  is  determined  by  the  width  of  the  slot.  This  insertion  phase  is  leading  which  is 
required  to  compensate  for  the  lagging  phase  due  to  the  shunt  capacitance  (BO  for  the  difference  mode.  These  equa¬ 
lizing  slots  are  used  in  pairs  separated  by  Ag/4  to  minimize  the  mismatch  effects .  Measured  insertion  phase  of  the 
transverse  slot  as  a  function  of  slot  width  is  shown  in  Figure  5. 
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4.  EXPERIMENTAL  RBSULTS 

In  order  to  demonstrate  the  feasibility  of  this  technique,  a  two  dimensional  array  comprised  of  twelve  linear 
arrays  of  36  crossed-slots  per  array  was  fabricated  and  tested.  A  photograph  of  the  array  Is  shown  In  Figure  6. 

The  central  eight  linear  arrays  were  actively  fed  with  a  corporate  feed  and  the  outer  four  arrays  were  terminated  In 
matched  loads.  Bach  of  the  eight  active  arrays  had  a  dual  ferrite  phase  shifter  at  the  Input- -one  phase  shifter  for 
each  mode.  The  phase  shifters  are  used  for  electronically  steering  the  beam  in  the  plane  normal  to  the  linear 
arrays  and  are  also  used  for  electronically  controlling  the  polarization.  A  schematic  diagram  of  one  possible 
scheme  to  achieve  polarization  diversity  by  combining  the  two  orthogonal  polarizations  of  the  array  Is  shown  In 
Figure  7. 

4.1  Aperture  Distributions 

The  amplitude  and  phase  distributions  across  the  aperture  of  each  linear  array  were  measured  with  and  with¬ 
out  mutual  coupling  from  neighboring  arrays.  These  measurements  were  made  using  a  near  field  measuring 
facility  as  shown  in  Figure  8 .  A  small  dipole  was  used  as  a  probe  to  sample  the  radiated  field  distribution  from  the 
slot  array  aperture.  The  dipole  was  moved  along  the  linear  array  by  sliding  Its  carriage  on  a  track  Installed 
parallel  to  the  axis  of  the  slot  array. 

Typical  measured  amplitude  distributions  for  both  the  sum  and  difference  mode  excitations  are  shown  In 
Figures  9  and  10.  It  can  be  seen  ih*t  the  near  field  probe  can  resolve  the  radiated  field  from  the  individual  slots, 
and  the  peaks  correspond  to  the  relative  pcver  radiated  by  each  slot.  The  envelope  of  the  plot  is,  therefore,  the 
measured  aperture  distribution.  The  plots  show  that  the  Ideal  design  distribution  was  closely  realized  for  both 
modes. 

The  measured  phase  distributions  across  the  aperture  of  the  slot  array  for  both  the  sum  and  difference  modes 
are  shown  In  Figure  11.  These  phase  measurements  were  made  after  compensating  for  the  difference  in  phase 
velocities  between  the  two  modes.  The  measured  phase  distribution  compared  closely  with  the  computed  design. 

The  measured  amplitude  distributions  across  the  array  aperture  with  its  neighboring  arrays  excited  for  both 
the  sum  and  difference  modes  are  shown  in  Figures  12  and  13  as  a  function  of  beam  scan  angle.  The  results  show 
that  the  envelope  still  agrees  closely  with  the  theoretical  distribution,  and  it  remains  fairly  constant  for  all  scan 
angles . 

4 . 2  Radiation  Patterns 

The  measured  azimuth  (plane  of  linear  array)  patterns  at  zero  degree  elevation  (plane  normal  to  linear  arrays) 
ore  shown  In  Figures  14  and  IS  for  both  polarization  modes.  It  can  be  seen  that  the  beam  shapes  of  the  two 
orthogonal  linear  polarizations  are  essentially  identical.  Also,  since  the  phase  velocities  were  equalized,  the  beams 
point  In  the  same  direction,  this  assures  a  good  axial  ratio  over  the  main  beam  in  the  case  of  circular  polarization. 
The  main  beam  direction  is  10  degrees  from  the  array  broadside  as  predicted  In  the  array  design.  A  sldelobe  In 
the  order  of  21  dB  appears  at  the  opposite  side  making  an  angle  of  10  degrees  with  respect  to  the  array  axis.  This 
sldelobe  Is  commonly  referred  to  as  the  "reflection"  lobe  of  the  linear  array.  The  reflection  lobe  in  this  case  Is 
more  pronounced  because  of  two  reasons:  (1)  the  cross  slot  is  nonresonant,  and  (2)  the  number  of  elements  In  the 
linear  array  Is  small.  This  reflection  lobe  can  be  reduced  by  tuning  the  cross  slots  which  is  a  well  known  tech¬ 
nique  In  waveguide  slot  design.  At  about  46  degrees,  another  sidelobe  can  be  observed  In  both  patterns  shown  in 
Figures  14  and  IS.  This  sldelobe  is  an  uncancelled  "grating  lobe"  and  is  caused  by  the  fact  that  the  number  of 
linear  arrays  Is  too  small.  The  problem  is  made  more  significant  by  the  choice  of  element  spacing.  The  mechanism 
for  the  formation  of  the  extraneous  sldelobe  can  be  understood  from  the  following  reasoning.  Consider  a  single 
linear  array  of  slots,  the  element  spacing  is  about  1.1  A.  The  pattern  of  one  linear  array  consists  of  a  main  beam 
located  at  -10  degrees,  and  a  grating  lobe  at  +46  degrees.  By  the  addition  of  another  linear  array  with  the  elements 
offset  by  half  of  an  element  spaclag  In  a  staggered  manner,  the  main  beams  of  the  two  linear  arrays  reinforce  each 
other,  but  the  grating  lobes  cancel.  The  cancellation  is  only  complete  along  the  horizontal  plane  when  the  radiation 
phase  of  these  two  linear  arrays  Is  In  antiphase.  Away  from  the  horizontal  plane,  the  cancellation  is  imperfect 
because  of  phase  center  separation  in  elevation  between  the  linear  arrays  and  two  residual  grating  lobes  remain. 

One  is  directly  above  the  other  and  the  other  one  directly  below  the  horizontal  plane.  Tills  pair  of  grating  lobes  Is 
analogous  to  an  elevation  difference  pattern.  As  more  pairs  of  linear  arrays  are  added,  the  magnitude  of  these 
grating  lobe6  Is  reduced  until  they  disappear  entirely.  However,  for  the  present  case  in  which  there  are  only  a  total 
of  eight  linear  arrays,  the  suppression  of  these  residual  grating  lobes  is  Incomplete.  The  degree  of  cancellation  is 
also  dependent  on  manufacturing  tolerance  of  various  components.  Obviously,  the  unbalance  in  cither  amplitude  or 
phase  between  the  linear  arrays  would  produce  a  residual  sldelobe.  The  reduction  of  this  residual  grating  lobe  Is 
automatic- W)ien  more  linear  arrays  are  employed  In  a  typical  two-dimensional  array.  An  estimate  of  the  residual 
grating  lobe  as  a  function  of  the  number  of  linear  arrays  has  been  made.  For  a  typical  planar  array  antenna 
consisting  of  40  linear  arrays,  the  residual  grating  lobe  is  estimated  to  be  below  40  dB. 

Radiation  patterns  were  also  measured  for  various  scan  angles .  Figure  16  shows  the  patterns  lor  the  two 
orthogonat*,Un£ar  polarization  modes  for  a  20  degree  elevation  scan.  The  patterns  are  essentially  the  same  as  for 
0  degree' scan-; 

4.3  Axial  Ratios 

The  experimental  array  was  set  for  circular  polarization,  and  the  axial  ratio  was  measured  over  various 
points  within  the  main  beam.  As  shown  in  Figure  17,  the  axial  ratio  between  the  3  dB  points  Is  within  0.5  dB.  This 
data  verifies  that  the  individual  beams  for  vertical  and  horizontal  polarizations  are  coincident. 

4.4  Cross  Polarization 

The  cross  polarization  level  was  measured  to  be  about  30  dB  at  the  main  beam  region  and  Is  generally  much 
lower  elsewtere.  The  cross  polarization  level  at  the  grating  lobe  region  appears  to  be  significant  for  this 
experimental  2-D  array.  This  is  die  to  Incomplete  cancellation  of  the  grating  lobes  among  a  small  number  of  arrays. 
For  a  larger  2-D  array,  the  residual  grating  lobe  and  Its  cross  polarized  energy  are  expected  to  be  greatly 
diminished. 
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Fig.4(b)  Normalized  slot  susceptance  or  reactance 
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Fig.5  Insertion  phase  of  transverse  slit  at  septum 


Fig. 6  Photograph  of  the  cross  slot  array 
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Fig. 7  Method  of  polarization  control 
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Fig. 9  Measured  aperture  distribution  for  sum  mode 


Fig.  10  Measured  aperture  distribution  for  difference  mode 


Fig.l  1  (a)  Calculated  residual  aperture  phase,  after  phase  velocity 
compensation,  after  non-linear  phase  compensation 


Fig.  11(b)  Measured  aperture  phase  of  a  crossed  slot  array,  after 
phase  velocity  compensation,  after  non-linear  phase 
compensation 
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Fig.  1 2  Measured  amplitude  distribution  for  typical  array 
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Fig.  13  Measured  amplitude  distribution  for  typical  array 
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Fig.14  Radiation  pattern  for  vertical  polarization,  0°scan,  9.5  GHz 
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Fig.  15  Radiation  pattern  for  horizontal  polarization  0°  scan,  9,5  GHz 
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Fig.  1 6  Radiation  patterns  at  20°  scan,  9.5  GHz 


Fig.  17  Measured  axial  ratio  of  two  dimensional  slot  array 
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DISOUSaiQH 


J >R.  MARK:  The  suppression  of  grating  lobes  by  means  of  staggering  the  arrays  gives  the 
best  suppression  in  the  broadside  azimuth  plane*  When  the  array  is  scanned  in  elevation 
these  grating  lobes  increase  in  level.  What  was  the  highest  level  over  the  elevation  scan 
range*  and  what  was  the  elevation  scan  range? 

2*  What  caused  the  high  level  amplitude  perturbations  in  the  near  field  amplitude 
distribution  for  40°  scan* 

J.S.  AJIOKA:  1*  For  the  triangular  slot  spacing  of  1*366  inches  base  by  O.394  inoh 
altitude,  a  grating  lobe  oontour  was  calculated  but  was  not  given  in  the  paper  or  vlewgraphs, 
it  Is  reproduced  on  page  42-13*  This  curve  shows  the  scan  position  of  the  main  beam  when 
the  first  grating  lobe  occurs  at  some  endfire  position  (generally  not  in  the  principal  planed 
For  this  array,  the  elevation  scan  limit  is  about  40  degrees  from  broadside. 

2*  The  amplitude  variation  in  the  near  field  probe  measurement  shows  the  resolution  of 
each  individual  slot.  The  envelope  or  peak  values  give  the  true  aperture  distribution. 

J.  THRAVgS;  1  have  three  questions,  (a)  What  process  did  you  use  to  design  the  array 
which  takes  mutual  coupling  between  the  elements  into  acoourt* 

(b)  Is  eaoh  element  matched  to  the  waveguide. 

(o)  Could  you  not  use  the  property  of  the  slot  in  the  common  wall  of  the  two  wave  guides 
to  produce  the  antiphase  between  elements.  This  as  I'm  sure  you  know  would  of  course  reduce 
the  grating  lobes  thatat  present  exist. 


J.S*  AJIOKA!  The  practical  method  by  which  travelling  wave  waveguide  slot  arrays  are 
designed  taking  mutual  coupling  into  consideration  is  this: 

1.  Build  a  few  linear  arrays  using  the  best  data  available  that  is  (jualitatively  correct 

a  isolated  slot).  For  example,  in  edge  slot  arrava  with 

fiSf8'  35®  sl°*  angle  is  the  governing  factor  for  slot  excitation  --  ths^reater 
environment?*  *  *  the  gr8ater  th*  8l0t  00uplln« “  be  isolated  or  iS  thesct?vlar?ay 

arrays  areksufflcientli^!?arLhrr??  °f  iin?fr  crrays  (experience  has  shown  that  five  linear 
+  ?!l®  Si  riole?V  aad  prob®  n*ar  field  for  amplitude,  phase  and  power  into  the 

terminating  load.  Caxcuxate  or  estimate  the  ohmic  losses  in  the  waveguide. 

of  alot  fdmiJon??  ?a6aj,ti?e  8l?t  p8f umetera  can  be  calculated.  Now,  one  can  make  a  table 
aJertSe  in  tak®n  *n  ?®arly  the  ®*«°*  environment  including 

environment?**  '  *  8hapod  b®am  de8i^8'  approximately  the  correot  non-linear  phase 

From  thlB  empirically  derived  table  of  parameters. a  new  pet  of  slat  m.,.™  >.,,1, 

Experience  has  shown  that  this  first  iteration  will  result  iH  satisfactory  design 

.’s.’ssas  jsnsi  ~  • 

Sr-sasrw 

sunt&fts&Mre  ?!!“  ssk  '&’%r£sxsrm 

rot.  ,h“ ,10'  *p..*»*v*i"**»“  «■> b*  *»■» 

What  is  the  bandwidth  of  the  antenna? 

2.  How  wae  tin  waveguide  manufactured? 


AJIOKa:  The  bandwidth  was  about 
2.  The  special  waveguide  was  formed 


6-7% 

by  ooRblning  two  ordinary  x-band  waveguides. 


Elevation  Scan  Limit  for  the  Selected  Element  Spacing 
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Stepped  Ref lector  Antenna  with  a  Sector  Shaped  Main  Beam 


H.  Thlelen 

Femmeldetechnischea  Zentralamt 
der 

Deutschen  Bundespost, 
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Summary 

The  optimum  pattern  of  an  antenna  of  telecommunication  or  television-broadoasting 
satellites  consists  in  a  seotor-ahaped  main  beam  without  any  side  lobes.  In  this  oase 
the  "edge  gain"  (i.e.  the  gain  function  at  the  edges  of  the  ooverage  area  on  earth) 
is  4.1  dB  higher  than  that  of  a  conventional  antenna.  Theory  indloates  that  .such  a 
pattern  is  produced  by  a  circular  aperture  illuminated  by  the  osoillating  “ 
function.  Measurements  were  made  with  a  paraboloid  refleotor  antenna  containing  a 
dielectric  dish  in  its  central  zone.  This  dish  effects  a  phase  reversal  of  180° 
between  the  central  zone  and  the  remaining  ring  zone  of  the  refleotor.  The  "edge 
gain"  of  this  antenna  is  1  dB  higher  than  that  of  a  conventional  antenna.  An  increase 
of  1.4  dB  would  be  obtained  by  a  better  feed  system.  It  is  also  possible  to  achieve 
the  phase  reversal  by  an  arrangement  of  metallic  steps  with  a  height  of  about  one 
quarter-wavelength.  If  an  antenna  with  two  or  more  ring  zones  is  used,  a  further 
increase  of  the  "edge  gain"  can  be  obtained. 


1 .  Introduction 

For  the  purpose  of  saving  transmitter  power,  it  is  desirable  that  the  antenna  of 
a  telecommunication  or  television-broadcasting  satellite  has  a  maximum  gain.  The 
gain,  however,  cannot  be  increased  beyond  a  certain  value  if  the  coverage  area  on  the 
earth  is  a  finite  surface.  In  this  case  there  is  a  theoretical  maximum  gain  which 
depends  on  the  geometrical  dimensions  of  the  coverage  area  and  the  distance  of  the 
satellite  from  the  earth  surface.  An  optimum  illumination  is  aohieved  if  there  is  a 
constant  field  strength  within  the  coverage  area.  The  transmitter  antennas  of  tele¬ 
communication  satellites  used  at  present  are  mainly  horn  or  paraboloid  antennas.  The 
main  beam  of  these  antennas  is  bell-shaped  with  the  resulting  disadvantageous  effect 
that  the  edge  of  the  coverage  area  on  the  earth  is  less  intensely  illuminated  than 
the  center.  In  addition,  the  radiated  energy  is  partly  wasted  by  by-passing  the 
coverage  area. 

In  the  case  of  small  coverage  areas  (Western  Europe,  for  example),  the  optimum 
illumination  resulting  from  a  constant  field  strength  pattern  is  achieved  by  means  of 
an  antenna  having  a  sector  shaped  main  beam  without  side  lobes.  If  large  areas  of  the 
earth  or  the  whole  earth  is  illuminated,  the  optimum  antenna  pattern  deviates  a  little 
from  the  ideal  sector  shape  and  requires  an  increase  of  the  level  at  the  edges  of  the 
coverage  area. 

An  Intelsat  paper  (N.N.  1966)  published  in  1966  included  the  statement  that  it  was 
impossible  to  use  antennas  having  shaped  beams  because  these  require  too  large  a 
diameter.  This  statement  was  only  correct  as  long  as  satellite  transmitters  were 
operated  in  the  4-GHz  range.  However,  according  to  recent  plans  for  operating  tele¬ 
communication  and  television-braodcasting  satellites  at  frequencies  above  10  GHz, 
antennas  will  be  reduced  in  size  and,  as  a  oonsequenoe,  it  will  be  possible  to  use 
antennas  having  shaped  beams. 


2.  Theoretical  aperture  illuminations 

An  antenna  pattern  having  a  main  beam  in  the  shape  of  a  circular  sector  and  no 
side  lobes  at  all  is  produced  by  an  infinitely  large  circular  aperture  illuminated 
according  to  the .A. i -function  (Koch,  G.F.,  1965).  rig.  1  shows  the /v  i -function  to 
the  sixth  zero  (.A-i(x)  ■  2J<i(x)/x).  But  even  a  finite  aperture  illuminated 
according  to  a  truncated  i -function  may  provide  a  good  approximation  to  the 
sectorial  pattern.  The  approximation  is  the  better  the  more  "half-waves"  of  the 
JYi -function  there  are  in  the  aperture.  If  only  multiples  of  integers  are  allowed 
for  the  number  of  "half-waves"  of  the  illumination  function  in  each  aperture  half, 
the  illumination  function  may  be  written  as  follows i 


h(r)  (J1fBr) 

with  r  =  J/a 


gJ^1.mr> 


(1) 


is  the  radial  component;  a  is  the  real  aperture  radius;  r  is  the  aperture  radius 
normalized  to  the  maximum  value  1 .  J-j  m  are  the  zeros  of  the  Bessel  funotion  of  the 
first  kind.  Hence  a  indicates  the  number  of  zeros  of  the  illumination  in  eaoh 
radiator  half,  m  ■  1,  for  instance,  denotes  a  constant  phase  illumination  decreasing 
towards  zero  as  the  edge  is  approached;  a  •  2  means  that  tnere  are  2  "half-waves” 
and  a  »  3  that  there  are  3  "half-waves”  in  eaoh  aperture  half. 
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As  ths  level  is.  In  general,  lowest  at  the  edge  of  the  coverage  area,  it  ia 
necessary  to  optimize  the  gain  in  this  direction.  Since  there  may  he  one  or  more 
minima  in  the  main  beam  of  an  antenna  with  a  J\.  i -illumination,  the  following 
additional  requirement  has  to  be  satisfied s 

(2) 

In  Eq.  (2)  •$"  denotes  the  radiation  angle  of  the  antenna  as  seen  from  the  central 
axis;  is  the  angle  between  the  central  axis  and  the  ray  directed  towards  the  edge 

of  the  coverage  area;  E(<r)  and  E(<%)  are  the  values  of  the  field  strength  produced  on 
the  earth. 


A  closer  examination  was  made  of  the  radiation  characteristics  of  circular  aperture 
antennas  whose  aperture  field  strengths  satisfy  the  following  functions: 

0  •  +  %  < 

W  OsS.'P.  (3.) 


h9<*)  • 


* 

1 

s 


■A* 4 
-A, 


fpr  id!  <  *  *  1 
9  lit 


•Ae  C*4* 


0  i  *r  ■ 

$*4 


4  1> 


►  fs<Ti  u 

i*  in  ^ 


(3b) 


(3c) 


ko ,  kl ,  and  k2  are  constant  factors . 

The  calculation  of  the  antenna  pattern  for  the  different  values  of  ko,  kl  and  k2  was 
made  according  to  the  following  formula: 

4 

C  (j)  •  j  f(+)  (%L  r)  d  t  (4a) 

e 


Xjiih  1*  *  ( 4*b ) 


D  is  the  aperture  diameter;  X  the  wavelength. 

The  gain  may  be  calculated  from  the  antenna  pattern,  using  the  equation. 

(r  •  yf - — -  (5x 

The  gain  function  G(  )  -  frequently  G( )  is  also  called  "edge  gain"-ls 
obtained  from  the  relation 

Ct  (y}0)  •  0  C*(y\)  (6) 


In  the  case  of  .the  illumination  h0(r)  (i.e.  constant  phase  illumination  to  the 
first  zero  of  the /v i -function)  the  value  obtained  for  the  "edge  gain"  is 


(7) 


The  same  value  is  obtained  for  antennas  with  the  illumination  h(r)  «Ao(r)  -  J0(r) 
It  is  well-known  that  this  function  is  the  optimum  illumination  of  circular  aper¬ 
tures  with  constant  phase  illumination  if  a  maximum  "edge  gain"  is  to  be  achieved 
(Rebhan,  W. ,  1966,  1967). 


Table  I 

Geometric  dimensions  end  radiation  oharaoterlstlos  of  oiroular  aperture  antennas 
a)  Theoretloal  aperture  illuminations 


D/D,  OV>0  sin«0  u0 


~  oonst.  1  0,59  ',84  1,36 


2,3  1,56 


2,5  1,56', 


5,05  2,  14 


9,1  2,64 


,08 

1,53 

,2 

1,54 

vo 

CO 

•t 

1,66 

,11 

1,88 

,59 

1,94 

0,98  1,84 


0,999  1,93 
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In  the  case  of  the  Illumination  function  being  hi(r)  -  i.e.  2  "half-waves"  per 
aperture  half  -  the  optimum  of  an  antenna  ia  achieved  at  ko  -  0.65  (Pig.  2).  The 
"edge  gain"  is  in  this  case 


Cr(^) 


a,  i¥ 


(0) 


It  is  true  that  the  "edge  gain"  still  increases  with  growing  values  of  ko,  but 
antenna  patterns  having  illumination  functions  with  k0  >  0.65  do  no  longer  satisfy 
the  requirement  of  Eq.  (2). 


In  the  case  of  illuminations  which  are  trunoated  at  the  third  zero  of,  the_/V,- 
funotion,  the  optimum  is  aohijved  at  ki  »  0.9  and  k2  -  0.7  (Fig.  2).  The  "edge  gain" 
is 


Or  W») 


X,t¥ 


(9) 


The  gain  of  an  antenna  having  a  sector- shaped  pattern  is 


For  small  values  of  the  relation  holds  that 


(10a) 


<iob) 

Hence,  the  increase  in  the  "edge  gain"  as  compared  with  an  aperture  with  constant 
phase  illumination  is  1.4  dB  if  the  function  is  trunoated  at  the  second  zero  and 
2.3  dB  if  the  function  is  truncated  at  the  third  zero.  An  ideal  sector  shaped  beam 
allows  even  an  increase  of  4.1  dB  to  be  achieved. 


Table  I  contains  some  data  on  the  geometrical  dimensions  and  the  radiation 
characteristics . 


3.  Practicable  aperture  illuminations 

As  the  illumination  consists  In  a  function  oscillating  from  the  center  towards  the 
edge  with  a  decreasing  amplitude,  a  phase  reversal  is  required  after  each  zero  point. 
This  phase  reversal  may  be  achieved  by  providing  a  paraboloidal  reflector  with 
suitable  steps  (Koch,  G.F.,  1965).  Fig.  3  illustrates  the  basic  features  of  this  re¬ 
flector.  It  consists  of  a  paraboloidal  reflector  with  the  focal  length  fl  whose 
surface  is  equipped  with  several  ring-shaped  metallic  steps.  The  contour  of  these 
steps  have  the  shape  of  a  paraboloid  of  focal  lenth  f2 . 

The  difference  of  the  focal  lengths  is 


ff  «X/¥  (ii) 

A  horn  antenna  may  be  used  as  a  feed.  Such  feeds,  however,  cannot  provide  an  exact 
reproduction  of  the  J\.  ^-illumination.  The  ./V.  i -illumination  is  continuous  whereas  the 
aperture  illumination  or  the  stepped  reflector  has  discontinuities  at  the  zero  points. 

It  is  the  purpose  of  the  following  passages  to  investigate  the  radiation  charac¬ 
teristics  of  a  stepped  reflector  consisting  of  the  central  zone  and  only  one  ring- 
shaped  zone.  As  mentioned  above,  the  radiation  of  this  ring-shaped  zone  is  reversed 
in  phase  with  respect  to  the  radiation  of  the  central  zone  (Rothe,  T.,  1973). 

If  the  pattern  Cpty)  of  the  feed  is  known,  the  pattern  C(<^)>  of  the  stepped 
reflector .antenna  can  be  oalculated  as  follows s 

C(f)  CFCt) &CA  z  fi'tf  t/iaLf  (12) 

*C  rC*)  &  a  Zfi  if  */Z  4>'n  *)if  m  4  f 

In  Equation  (12) is  the  radiation  angle  of  the  feed,  2  y/  2  is  the  angular 
aperture  of  the  central  zone  as  seen  from  focus  snd  2  the  angular  aperture  of 

the  whole  paraboloidal  reflector}  k  ■  21T/X.  For  calculating  the  pattern  of  the 
stepped  reflector  antenna,  the  measured  values  of  the  patterns  of  different  feeds 
were  inserted  into  Eq.  (12).  These  feeds  have  a  pattern  of  approximate  rotational 
symmetry  (Fig.  4).  Finally,  the  pattern  of  the  stepped  reflector  antenna  was  used 
for  calculating  the  gain  and  edge  gain  according  to  Eqs.  (5)  and  (6). 
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The  results  of  the  oaloulations  are  listed  In  Table  Z.  Dz  Is  the  diameter  of  the 
central  zone  of  the  reflector.  G(<%)  is  the  value  of  the  "edge  gain"  without  con¬ 
sidering  the  spill-over,  G ' (  A  )  is  the  value  of  the  "edge  gain"  including  the 
spill-over.  Consequently,  G'(,%  )  -  G(  ).  The  indicated  values  of  the  spill¬ 

over  efficiency  p  are  known  from  the  experience  of  previous  measurements.  The 
other  losses  caused  by  aperture  blocking,  oross  polarization,  etc.  are  not  taken  into 
account.  The  illumination  level  at  the  edges  of  the  reflector  is  also  indicated  in 
Table  I .  ^ 

The  optimum  "edge  gain"  G( )  of  a  stepped  reflector  having  a  horn  feed  is  only 
about  1  dB  higher  than  the  "edge  gain"  of  a  conventional  paraboloidal  antenna.  In  the 
'ase  of  the  aperture  illuminated  according  to  the  -/V i -function,  which  consists  of 
^he  central  zone  and  one  ring  zone,  an  increase  of  approximately  1.4  dB  was  achieved 
(sec  Table  I  and  Eq.  (8)).  The  reduction  of  the  gain  increase  by  0.4  dB  is  mainly 
attributable  to  the  high  side  lobe  level  of  the  stepped  reflector  antenna  (see  Figs. 

6  and  7).  The  high  side  lobe  level  is  caused  by  the  unfavourable  amplitude  distri¬ 
bution  of  the  aperture  field.  There  is  a  possibility  of  changing  the  amplitude  of  the 
aperture  field  by  developing  other  antenna  types.  The  appropriate  solution  which 
suggests  itself  is  a  shaved  Cassegrain  antenna  having  a  stepped  main  reflector.  The 
use  of  shaped  reflectors  allows  the  amplitude  distribution  in  the  aperture  of  the 
main  reflector  to  be  improved  (Galindo,  V.,  1964;  Williams,  W.F.,  1965). 


Experimental  results 

For  experimental  purposes  a  model  was  designed  consisting  of  a  paraboloidal 
reflector  with  a  Plexiglas  dish  (Fig.  5).  The  propagation  velocity  of  waves  in  a 
dielectric  material  is  smaller  than  in  air.*, The  thickness  of  the  dish  was  chosen  in 
sv.ch  a  way  that  there  is  a  delay  time  difference  of  “X  /2  between  the  rays  directly 
ref lected’ by  the  reflector  and  those  passing  through  the  Plexiglas  dish.  The  re¬ 
flector  has  an  angular  aperture  of  2  x  50°  and  a  diameter  of  60  cm  (Rothe,  T.,  1973). 

For  the  measurements  two  different  dishes  having  the  diameter  Dz  »  44  cm  and 
Dz  »  40  cm  were  used.  In  the  first  experiment  (in  which  the  diameter  Dz  was  44  cm) 
the  feed  was  an  open  circular  waveguide  having  the  diameter  of  one  wavelength  and  in 
the  second  case  (the  diameter  Dz  being  40  cm)  a  dual -mode  horn  having  an  aperture 
diameter  of  1.7  wavelengths. 

The  deviation  of  the  measurement  results  (Figs.  6  and  7)  from  the  calculations 
is  mainly  attributable  to  the  aperture  blocking  caused  by  the  feed  and  the  feed 
supports  (increase  of  the  first  side  lobe). 

In  the  case  of  the  stepped  reflector  antenna  with  the  dual-mode  feed,  the  measure¬ 
ments  were  made  only  at  a  frequency  of  8.8  GHz.  It  was  impossible  to  make  broad-band 
measurements  because  the  feed  has  a  very  narrow  bandwidth.  The  pattern  of  the 
stepped  reflector  antenna  with  the  open  waveguide  feed  was  investigated  in  the  fre¬ 
quency  range  from  8.5  to  9.3  GHz  (Fig.  8).  The  patterns  measured  at  various  fre¬ 
quencies  do  not  differ  very  much  from  each  other.  In  view  of  this,  the  stepped 
reflector  antenna  discussed  here  may  be  assumed  to  be  usable  at  a  relative  bandwidth 
of  approximately  9  percent. 

There  are  plans  for  making  experiments  in  the  near  future  in  order  to  test  a 
stepped  metal  reflector  having  a  diameter  of  90  cm  in  the  X-band.  In  this  case  the 
measurement  results  are  expected  to  be  better  than  those  of  the  previous  tests  be¬ 
cause  large  reflectors  are  less  affected  by  aperture  blocking. 


5.  Final  remark 

This  paper  did  not  investigate  antennas  with  global  beams.  For  the  illumination  of 
the  whole  earth  horn  antennas  are  more  appropriate  than  reflector  antennas  because  in 
this  case  the  beamwidth  need  not  be  as  narrow.  For  producing  sector  shaped  radia¬ 
tion  patterns  with  broader  beamwidths,  multimode  and  coaxial  horns  can  be  used. 
Several  papers  have  already  been  published  on  these  antennas  (Rebhan,  W.,  1966; 
Scheffer,  H.,  1970;  Thielen,  H. ,  1970;  Koch,  G.F.,  1973). 


List  of  synbols 
a  aperture  radius 


D 

f1*  f2 
G 

G(<%) 

h(r) 

J0(x),J1(x) 
^1  ,m 


dianctor  of  the  central  rone  of  the  aperture 
aperture  dianeter 

focal  lengths  of  paraboloidal  reflectors 
maximum  gain  of  an  antenna 
gain  function  in  the  direction 
illumination  function  of  a  circular  aperture 
Bessel  functions  of  the  order  zero  and  one,  resp. 
m-th  zero  of  J.,(x) 
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r  -  ?  /a 


$- 

4 

A^x)  - 
X 


$ 

Y 


%>fx 


radial  oompon,  normalized  to  the  max.  value  1 
spill-over  efficiency 

radiation  angle  as  seen  from  the  central  axis  of  the  antenna 
angle  between  central  axis  and  edge  of  the  coverage  area 
2J1(x)/x  1  -function 

free-space  wavelength 
radial  component 
radiation  angle  of  the  feed 
angular  apertures  of  paraboloidal  antennas 
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DlHCUSaiON 


A.  8CHROTI:  Do  you  think  that  the  high  sidolobe  level  in  contrast  to  your  theoretical 
investigations  depends  on  the  diffraction  of  the  rays  at  the  additional  edges? 

H.  THIKLBH:  The  increase  of  the  side  lobe  level  -  e.  g.  the  first  side  lobe  is  raised 
from  T5o<S(theoretloal  value)  to  lOdB  (measured  value)  is  mainly  attributable  to  the 
aperture  blooklng  caused  by  the  feed  and  the  feed  supports.  The  effect  of  the  aperture 
blocking  is  muoh  higher  than  that  of  the  diffraction  at  the  edges.  Moreover,  the  diameters 
of  both  the  oentral  zone  and  the  whole  reflector  are  relatively  large  (20\and  30\resp.) 

For  that  reason  the  influence  of  the  edges  is  very  small. 

P.  FHOipURSi  Nevensez  voue  pas  qu'  il  peut  y  avoir  une  perturbation  due  a  une  reflexion 
parasite  a  la  transition  air  plexiglass.  v 

Pour  limiter  ce  phenomena  ne  serait-il  pas  preferable  de  placer  le  dephaseur  a 
dleleotrlque  a  la  Peripherie  du  miroir  ou  les  champs  sont  plus  failles. 

H.  THIELHH:  1.  When  we  have  determined  the  thickness  of  the  dielectrlCdieh,  we  have  paid 
regard  to  the  multiple  reflection  of  the  waves  in  that  dish.  Since  there  is  a  nearly  verticd. 

Incidence  of  the  waves  we  have  no  perturbation. 

2.  In  the  central  zone  the  reflector  is  relatively  flat.  Therefore  in  this  zone  a 
better  approach  to  the  vertical  incidence  is  tohieved  than  in  the  outer  zones  of  the 
reflector. 

3*  With  the  stepped  metal  reflector  we  obtained  better  results  than  with  the  reflector 
having  plexiglass  dish. 


